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Japanese precious corals (JPCs) refer to Japanese red coral (Paracorallium 
japanicum), Japanese pink coral (Corallium elatius) and Japanese white coral 
(Corallium konojoi) are considered as ecologically as well as economically important 
natural resources of Japan, and are characterised by slow growth rates compared to 
other precious corals of other geographical locations. The study reveals that the trace 
elements in skeletons of precious corals are habitat-specific rather than species-specific. 
The Mg/Ca and Ba/Ca ratios in skeletons of precious corals, particularly, are the 
indicators of their habitats and environments. The study also show the spatial 
distribution of trace elements (S, P, Mg, and Sr) in the skeleton of P. japonicum. The 
distribution pattern of the trace elements, particularly Mg, S and P, illustrates linkage 
between the trace element distribution and the formation of growth bands in the coral 
skeleton.  
 
The petrographic method is a popular technique for estimating the age and 
growth rates of corals based on growth ring density in their axial skeleton. The organic 
matrix staining (OMS) method, a modified method of petrographic method, has been 
used for measuring age and growth rate of the Mediterranean red coral (Corallium 
rubrum) by staining the organic matrix in the calcite skeleton. Since the OMS method is 
based on the concentration of organic matrix in the coral skeleton, this method may not 
be suitable for coral species with low organic matrix. In the presnt study, growth 
characteristics and growth rates of three Japanese precious corals (Paracorallium 
japonicum, Corallium elatius and Corallium konojoi) were determined based on the 
principles of the petrographic method using a VHX-1000 digital microscope, termed as 
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VHX-1000 hereafter, without staining the organic matrix in the axial skeleton. 
Compared to the organic matrix-stained cross-sections (slabs), growth rings in unstained 
slabs of the Japanese red coral were more clearly visible through the VHX-1000. This 
may be due to the low concentration of organic matrix in the Japanese precious corals 
compared to the Mediterranean red coral. Growth rates of Japanese precious corals 
differ significantly depending on coral species, habitat and environmental conditions. 
Diametric and linear growth rates of the Japanese red coral (P. japonicum) were slower 
(0.20±0.08–0.27±0.01 and 2.22±0.82–6.66±5.52 mm yr-1, respectively) than the 
Japanese pink (C. elatius; 0.30±0.04 and 2.76±2.09 mm yr
-1
, respectively) and white (C. 
konojoi; 0.44±0.04 and 7.60±0.75 mm yr
-1
, respectively) corals. In addition, the 
diametric growth rate of the Japanese precious corals (P. japonicum) is slower 
(0.24±0.05-0.44±0.04 mm yr
-1





Precious corals have been commercially exploited for many centuries all over 
the world. The skeletons of these corals consist of calcium carbonate, and have been 
used as amulets or gemstones since ancient times. Different Corallium species of 
Coralidae family (e.g., C. rubrum, C. elatus, C. konojoi, and P. japonicum) were 
collected from different locations of the Mediterranean Sea (off Italy) and Pacific Ocean 
(off Japan and off Midway Island), and trace elements in their skeletons were analyzed. 
Results show that trace element concentrations in the skeletons of Corallium spp. were 
attributable to their habitat and origin. In particular, Mg/Ca and Ba/Ca ratios in the 
skeletons of Corallium spp. from the Mediterranean Sea and Japanese and the Midway 
Islands’ waters were found to be habitat-specific. This study also reveals that trace 
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elements in the skeletons can be used as ecological indicator of the coral’s origin, and 
are expected to play an important part in the cultural study and sustainable management 
of precious corals. Findings of this study will also be of great relevance to the coral 
industry to authenticate and identify the habitat and origin of the corals. 
 
This study also investigated the distribution of magnesium (Mg), phosphorus 
(P), sulfur (S) and strontium (Sr) using micro X-ray fluorescence (µ-XRF), and the 
speciation of sulfur using X-ray absorption near edge spectroscopy (XANES) along the 
annual growth rings (AGRs) in the skeleton of Japanese red coral (Paracorallium 
japonicum). The Mg, P and S distribution in µ-XRF mapping images correspond to the 
dark and light bands along the AGRs in microscopic images of the coral skeleton. 
µ-XRF mapping data showed a strong positive correlation (r = 0.6) between P and S 
distribution in the coral skeleton. A contrasting distribution pattern of S and Mg along 
the axial skeleton of the coral indicates a weak negative correlation (r = -0.2) between 
these two elements. The distribution pattern of S, P and Mg in the axial skeleton of P. 
japonicum reveals linkage between the trace element distribution and the formation of 
dark/light bands along the AGRs. S and P were distributed in the organic matrix (OM) 
rich dark bands, while Mg was distributed in the light bands of the AGRs. XANES 
analysis showed that inorganic sulphate is the major species of S in the skeleton of P. 






I am grateful to the many people who have made completing this research  
I am very grateful to my advisor, Dr Hiroshi Hasegawa (Professor, Institute of 
Science and Engineering, Kanazawa University, Japan) for giving me the opportunity to 
work with him and for his cheerful attitude to work, his solemn instruction, valuable 
suggestions and constant encouragement during the entire period of the research work 
and in the preparation of this dissertation. Grateful acknowledgment is made to Dr. 
Nozomu Iwasaki (Professor, Faculty of Geo-environmental Science, Rissho University, 
Japan) for their support and many helpful discussion throughout this research. 
 I would like to thank Dr. M.Azizur Rahman, School of Environmental 
Sciences, University of Technology Sydney (UTS), Australia, for reviewing the 
manuscript and making a number of helpful suggestions. I am also grateful to Dr. 
Yusuke Tamenori and Dr. Toshio Ninomiya for their guidance and expertise with XRF 
and XANES measurement in his beam line during my visit and would like to thank Dr. 
Toshihiro Yoshimura (Atmospheric and Ocean Research Institute, University of Tokyo, 
Japan) and Ms. Satomi Takahashi (Rissho University) for his cooperation and comments. 
I would like to thank to Dr. Maki Teruya (Associate Professor, Institute of Science and 
Engineering, Kanazawa University, Japan) for his helps and supports throughout the 
course of my study.  I would like to thank Mr. M.D Mamunur Rahman for his 
cooperation during the whole research period. 
Thanks to  the crews of the ROV ‘Hakuyo 2000’, ‘Hakuyo 3000’ and its 
mother vessel ‘Shinsei Maru’ and the SNK Ocean Co. Ltd for sample collection. The 
authors also thank the Kochi prefectural government for providing coral samples for 
v 
 
this study. This research was support partly by Japan Society for the Promotion of 
Science (JSPS) as Grant-in-Aid for Science Research (24310056 and 20310144) and a 
Research and Development Projects for Application in Promoting New Policy of 
Agriculture, Forestry and Fisheries (22032) in Japan. I really appreciate Soc Trang 150 
Project, Mekong 1000 Project’s financial support for my expenses within three years in 
Japan. 
I am grateful to my friends and lab-mates for being encouraging and helpful. 
Special thanks to my dear parents, sisters, brother and relatives for their 
encouragements, wishes and all kind of helps during my study. 
 
 






















TABLE OF CONTENTS vii 
LIST OF TABLES  xi 
LIST OF FIGURES  xii 
CHAPTER 1: INTRODUCTION 1 
References 6 
CHAPTER 2: LITERATURE REVIEW 9 
2.1 Japanese precious coral species and distribution 9 
2.2 Reproduction 12 
2.3 Skeletal structure and feeding 13 
2.4 Growth characteristics of DPCs 14 
2.4.1 Growth banding 14 
2.4.2 Age and growth rate 16 
2.5 Trace element distribution in the skeletons of precious coral and its 
roles in paleoenvironment reconstruct 
19 
References  26 
CHAPTER 3: GROWTH CHARACTERISTICS AND GROWTH RATE 







3.2 Focus 33 
3.3 Materials and Methods 34 
3.3.1 Sample collection 34 
3.3.2 Cross-section preparation of the coral skeleton 34 
3.3.3 Staining of organic matrix in the coral skeleton 35 
3.3.4 Determination of the age and growth rates of Japanese 
precious corals 
35 
3.4 Results 37 
3.4.1 Growth characteristics of Japanese precious corals 37 
3.4.2 Age and diametric growth rates of Japanese precious corals 40 
3.4.3 Linear growth rates of Japanese precious corals 41 
3.5 Discussion 42 
3.5.1 Growth characteristics of Japanese precious corals 42 
3.5.2 Growth rates of Japanese precious corals 46 
3.5.3 Correlation between number of growth rings and diameter 48 




CHAPTER 4: RESULTS AND DISCUSSION: 
TRACE ELEMENTS IN Corallium spp. as INDICATORS FOR ORIGIN 
AND HABITAT 
65 
4.1 Introduction 65 
ix 
 
4.2 Focus 68 
4.3 Materials and Methods 69 
4.3.1 Sampling sites 69 
4.3.2 Chemical analysis of skeleton composition 69 
4.3.3 Analysis of inorganic elements with electron probe 
micro-analyzer (EPMA) 
71 
4.4 Results and Discussion 71 
4.4.1 Trace element distribution in the skeletons of precious 
coral 
72 




CHAPTER 5: RESULTS AND DISCUSSION: 
DISTRIBUTION OF TRACE ELEMENT IN JAPANESE RED CORAL 
(Paracorallium japonicum) BY µ-XRF AND SULFUR SPECIATION BY 
XANES: LINKAGE BETWEEN TRACE ELEMENT DISTRIBUTION 
AND GROWTH RING FORMATION 
84 
5.1 Introduction 84 
5.2 Focus 88 
5.3 Materials and Methods 88 
5.3.1 Sample collection and preparation 88 
5.3.2 Extraction of organic matrix from fraction 89 
5.3.3 µ-XRF and XANES analysis 89 
x 
 
5.4 Results and Discussion 90 
5.4.1 µ-XRF analysis for trace element distribution in DPC 
skeleton 
90 
5.4.2 Distribution of trace elements and the formation of annual 
growth rings 
92 
5.4.3 Speciation of S in Japanese red coral using XANES 95 
References 102 







LIST OF TABLES  PAGE 
Table 1.1  Precious corals refers to about 31 species that belong to the 
Corallium and Paracorallium genera (Bayer & Cairns, 2003) 
3 
Table 2.1  Actual age and estimate obtain by staining the organic matrix 
and by the petrographic for five colonies collected from the 
experiment panels (Marschal et al, 2004) 
18 
Table 2.2  Biology of Japanese precious corals species 23 
Table 3.1. Diametric growth rates and ages of the Japanese red 
(Paracorallium japonicum), pink (Corallium elatius), and white 
(Corallium konojoi) corals collected from Japanese waters. 
54 
Table 3.2.  Linear growth rates of the Japanese red (Paracorallium 
japonicum), pink (Corallium elatius), and white (Corallium 
konojoi) corals collected from Japanese 
55 
Table 3.3.  Diametric and linear growth rate of Japanese precious corals 
(Luan et al., unpublished) 
57 
Table 3.4 Diametric growth rates of precious corals from different 
geographical locations estimated by different methods 
58 
Table 4.1.  Different types of precious corals collected for ICP-AES 
analysis. Samples were collected from Japanese waters, 
Midway Islands’ waters and Mediterranean Sea from fishermen, 






LIST OF FIGURES PAGE 
Figure 2.1  
 
Japanese precious corals. Above left : Shiro (white) (Corallium 
konojoi). Above right: Momo (Pink) (Corallium elatius). 
Below: Aka (red) (Paracorallium japonicum) 
11 
Figure 2.2  A cross-section of the coral skeleton of DPC-19 (Paracorallium 
japonicum) (left). Two types of growth bands, light and dark, as 
seen under the VHX-1000 digital microscope. The dark bands 
indicate the zones of high organic matrix (OM) content, 
15 
Figure 2.3 Microscopic images of a corallium rubrum colony. A gerneral 
view of cross section obtained suing the petrographic and B the 
cross section after staining the oragnic matrix (Marschal et al., 
2004) 
15 
Figure 2.4 Living colony of Mediterranean red coral (Corallium rubrum) 
(A). Axial skeleton of C. rubrum (B) and Sclerites of this coral 
(C) 
25 
Figure 3.1 Axial skeleton of Japanese red coral Paracorallium japonicum 
(DPC-18). Numbers on the skeleton indicate the sample sites, 
and the images are the cross-sections of the corresponsing 
samples. The cross-sections were polished to make the growth 
rings clear to count them and estimate growth rate and age of 
the coral. The diameter of the core become wider at the younger 
part (tip;1) than at the older part (base; 6) of the colony. 
38 
Figure 3.2  The ratio of the core diameter and total (including the core) 39 
xiii 
 
 diameter of the axis. The ratio increased with increasing 
distance of the axis cross-sections from the base to the tip of the 
colony. The cross-section numbers (CS4-CS1) in x-axis of the 
figure represent the consecutive slabs from the base to the tip of 
coral axis. 
Figure 3.3  
 
(A) Two types of growth bands, light and dark, as seen under 
the VHX-1000 digital microscope. The dark bands indicate the 
zones of high organic matrix (OM) content, while the light 
bands represent the zones of low OM content in the coral 
skeleton. (B) A cross-section at the tip on the younger part of 
the coral skeleton (Paracorallium japonicum). The calcium 
carbonate deposited in the core on the younger part of the axis 
does not generate/form growth rings. 
44 
Figure 3.4  
 
Growth rings in thin cross-sections of the axial skeleton of 
different Japanese precious coral species under the VHX-1000 
digital microscope. (A-B) red coral (Paracorallium japonicum), 
(C-D) pink coral (Corallium elatius), (E-F) white coral 
(Corallium konojoi). 
45 
Figure 3.5  
 
Correlation between the number of growth rings and the 
diameter of the base of Japanese precious corals (Paracorallium 
japonicum, Corallium elatius, and Corallium konojoi). 
 
49 
Figure 3.6  Cross-section of the axial skeleton of the Japanese red coral 




digital microscope without treatment (A), after treatment with 
2% acetic acid solution for 4-5 h (B), and after staining the 
organic matrix in the skeleton with 0.05% Toluidine blue for 
10-30 s (C). Magnified images of the internal region near center 
before and after staining the organic matrix with 0.05% 
Toluidine blue (D). 
Figure 4.1 Skeleton of Japanese white coral. Photograph of white coral 
(A), mapping analysis of Mg (B), Ca (C), Ba (D), and Sr (E) in 
the skeleton of precious white coral by EPMA. 
78 
Figure 4.2  Distribution of Mg and Ba in skeleton of precious corals 
collected from different depth and geographical locations 
indicating the origin of the corals. Values are mean ± SD. 
79 
Figure 5.1 X-ray fluorescence spectrum of trace elements (Na, S, P, Mg 
and Sr) in powdered sample of Japanese red coral (DPC-19) 
skeleton measured at 2500 eV of excitation photon energy 
97 
Figure 5.2  X-ray fluorescence spectrum of trace elements (Na, S, P, Mg 
and Sr) in Japanese red coral skeleton (DPC-19) using 2500 eV 
energy, 5s/point measuring time, and 10 µm step size. White 
arrow (7 mm) is the position from where the section was taken 
for µ-XRF analysis (A). Trace element spectrum in the sample 
(B). Relationship between the distributions of S and Mg (C) and 
S and P (D) in the skeleton of DPC-19 
98 
Figure 5.3  Micro-XRF mapping analysis of Mg and S in axial skeleton of 




showingthe position where the µ-XRF analysis was performed 
(a). The magnification of the region of µ-XRF analysis (b). 
Distribution maps of Mg and S in the skeleton of the coral (c). 
The colour bar represents the signal intensity with the blue and 
red color correspond to lower and higher distributions, and the 
black and red color regions in the maps indicate the lowest and 
highest distribution of the elements, respectively. Micro-XRF 
signal was collected at 10 µm step size 
Figure 5.4 Micro-XRF mapping analysis of trace elements in polished 
cross section of Japanese red coral skeleton (DPC-19). Two 
copper rings of one mm diameter were used to select two 
positions on the cross section of the coral skeleton where the 
distribution of trace elements were detected. The colour bars 
represent the signal intensity with the blue and red color 
correspond to lower and higher distributions, and the black and 
red color regions in the maps indicate the lowest and highest 
distribution of the elements, respectively. Micro-XRF signal 
was collected at 10 µm step size 
100 
Figure 5.5  XANES spectra of sulfur (S) in axial skeleton and organic 
matter extract of DPC-19. XANES spectra of S reference 
compounds (A). Each of the cysteine and methionine spectra 
display a single peak at 2473 eV photon energy, while 
condroitine, protamine, and gypsum show peaks at 2482 eV 




photon energy. Magnified view (×5) of XANES spectra of S in 
axial skeleton and organic matter of DPC-19 (B) showing that 
sulfate is the main species of S and organic matter content in 




LIST OF CONFERENCES /FORUMS 
 
1. The Twelfth Asian Conference on Analytical Sciences, August 22-24, 2013, 
Maidashi campus of Kyushu University , Fukuoka-city, Japan. (Presentation: Luan 
Trong Nguyen, M. Azizur Rahman, Toshihiro Yoshimura, Yusuke Tamenori, Teruya 
Maki, Nozomu Iwasaki, Hiroshi Hasegawa. ‘‘Determination of Growth Rings and 
Microstructure in Skeleton of Japanese Precious Corals’’  
 
2. Forum of Division of Material Science. November, 7.2011, Kanazawa University, 
Japan. (Presentation: Luan Trong Nguyen. ‘‘Distribution and Chemical Forms in 
Skeleton of Japanese precious corals by Micro-XRF and XANES analysis’’ 
 
3. Forum of Division of Material Science. November, 5.2012, Kanazawa University, 
Japan. (Presentation: Luan Trong Nguyen. ‘‘Estimation of Growth Rate of 
Japanese Precious Red Coral, Paracorallium japonicum)’’ 
 
 














Precious corals (PCs) belong to family Corallidae, class Anthozoa, subclass 
Octocorallia, order Gorgonacea. They refer to roughly 31 species that belong to the 
Corallium and Paracorallium genera (Table 1.1) (Bayer and Cairns, 2003). They are 
found mainly in the Mediterranean Sea and Pacific Ocean (Japanese waters and off 
Taiwan, off the Midway Islands and off the Hawaiian Islands (Iwasaki and Suzuki, 
2010). Many precious coral species are long-lived, grow slowly (diametric growth rate 
usually less than 1mm per year) and reaching more than 100 years of age (Andrews et 
al., 2005; Luan et al., 2013). Precious corals have been highly valued because their 
skeletons have been used as jewellery, souvenir industries, medicine and are one of the 
most valuable living marine resource (Nonaka and Muzik, 2009; Iwasaki and Suzuki, 
2010; Tsounis et al., 2010). Precious corals have attracted worldwide attention as sparse 
biological resources, and Corallidae have been recently proposed for inclusion in 
Appendix II of the Convention on International Trade in Endangered Species of Wild 




Fauna and Flora (CITES) that regulates the international trade in endangered species by 
listing them in its appendices (Hasegawa and Yamada, 2010; Tsounis et al., 2010; 
Hasegawa et al., 2012) 
Knowledge of the biology, growth rates, and durability of deep-sea corals 
(DSC) is important since they provide habitat to commercially important fishes and are 
under great threat from benthic fishing techniques (Witherell et al., 2000; Roark et al., 
2006). Geochemical and isotopic data derived from DSC provide an understanding of 
past climate and environmental change (Roark et al., 2006). Understanding of growth 
rates and ages of these long-lived DSC also contributes to our knowledge of their 
biology, ecology, and physico-chemical characteristics. In addition, conservation and 
management of marine ecosystems and DSC, and reconstruction of the 
paleo-environment using the paleoceanographic archive of DSC require knowledge of 
the growth rates and longevity of these organisms (Goldberg, 1991; Roark et al., 2006). 
Chemical analyses of carbonate skeletons in precious corals found that the 
mineralised hard tissues of precious corals are composed of a skeletal axis and spicules. 
Both spicules and skeletons of corals are mainly made of calcium carbonate (CaCO3) 
crystallized in the form of calcite and trace elements (Maté et al., 1986; Hasegawa and 
Iwasaki, 2010). Precious corals are different from reef-building corals in that their 
skeletons are closely-packed with magnesium calcite, while the reef-building corals 
consist mostly of aragonite, and are porous because of its loosely-packed crystals 
(Hasegawa et al., 2012).  
Reef-building coral is better understood, and concentrations of trace elements 
in its carbonate skeletons have been determined. The validity of their use as indicators 
of past environmental conditions, such as water temperatures, nutrients and pollution 




levels has been confirmed in earth and environmental science studies (Weber and 
Woodhead, 1970; Weber, 1973; Mitsuguchi et al., 1996; Mitsuguchi et al., 2001; 
Mitsuguchi et al., 2003). In contrast, studies on trace elements in precious coral have 
been focused mostly on Mediterranean red coral (C. rubrum) (Weinbauer and Vellmirov, 
1995; Weinbauer et al., 2000). Studies on trace elements in other precious corals, 
especially the Japanese precious coral is limited.  
 
Table 1.1 Precious corals refer to about 31 species that belong to the Corallium and 
Paracorallium genera (Bayer & Cairns, 2003) 
Corallium abyssale  Corallium niobe Corallium variabile  
Corallium borneense  Corallium niveum Corallium sp. nov 
Corallium boshuense Corallium porcellanum Paracorallium inutile  
Corallium ducale  Corallium pusillum Paracorallium japonicum 
Corallium elatius Corallium regale Paracorallium nix  
Corallium halmaheirense Corallium reginae Paracorallium salomonense  
Corallium imperiale  Corallium rubrum Paracorallium stylasteroides 
Corallium johnsoni Corallium secundum Paracorallium thrinax  
Corallium konojoi  Corallium sulcatum Paracorallium tortuosum  
Corallium maderense  Corallium tricolor   
Corallium medea Corallium vanderbilti  
 




Objectives of the Study 
 
The aim objective of this thesis was to describe the growth rate and growth 
characteristics of Japanese precious corals. Concentration and distribution of trace 
elements in precious corals related to their origin and habitat were investigated as well. 
In addition, we also have examined the linkage between the distribution pattern of trace 
elements and the formation of annual growth rings along the coral skeleton. 
The detailed thesis aims can be summarised as follows: 
1. To investigate the skeletal structure, estimating growth rates and ages of three 
Japanese precious corals Paracorallium japonicum, Corallium elatius, Corallium 
konojoi using a high resolution VHX-1000 digital microscope.  
2. To compare growth rings in the stained (the staining the organic matrix in the 
skeleton with toluidine blue) with unstained cross section.  
3. To investigate if concentration and distribution of trace elements in precious corals 
related to their origin and habitat.  
4. To investigated the distribution of magnesium (Mg), phosphorus (P), sulfur (S) and 
strontium (Sr) using micro X-ray fluorescence (µ-XRF), and the speciation of sulfur 
using X-ray absorption near edge spectroscopy (XANES) along the annual growth 
rings in the skeleton of Japanese red coral (Paracorallium japonicum).  




Organization of the Study 
 
Chapter 2 provides an overall view of the findings of biological and 
biochemical research on precious corals, introduces classification, ecology of corals, 
growth characteristics and trace elements distribution in the skeleton of corals. 
Chapter 3 describes the growth characteristics and growth rates of Japanese 
precious corals by examining their skeletal structure and estimating growth rates using 
digital microscope. Comparison between the growth rings in both stained (toluidine 
blue, organic matrix staining methods) and unstained slabs of the corals  
Chapter 4 discusses about the trace elements in Corallium Spp as indicator for 
origin and Habitat.   
Chapter 5 is distribution of trace elements in Japanese red coral by µ-XRF and 
sulfur speciation by XANES focus on the linkage between trace element distribution 
and growth ring formation. 
Chapter 6 provides a summary of overall experiments and scope of the future 
research. 
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Precious corals are a group of about 31 species that belong to the Corallium and 
Paracorallium genera. Trade has mainly focused on species that are in highest  
demand by the jewellery, art objects, medicine such as Corallium rubrum from the 
Mediterranean and North East Atlantic, and C. Secundum, C. konojoi, C. elatius, C. 
regale and Paracorallium japonicum from the Pacific (2003). Three Japanese precious 
corals are Paracorallium japonicum (aka sango), C. elatius (momo sango), C. konojoi 
(shiro sango) belong to this precious group. In this thesis we focus on these species. 
 
2.1 JAPANESE PRECOUS CORAL SPECIES AND DISTRIBUTION 
Japanese precious corals (JPCs) refer to Japanese red coral (Paracorallium 
japanicum), Japanese pink coral (Corallium elatius) and Japanese white coral 
(Corallium konojoi), which are distributed and harvested in waters near Japan (Iwasaki 





et al., 2009). The first studies in Japan of JPCs (Kishinouye, 1903, 1904; Seki, 1991) 
found that P. japonicum habitat at depths of 76 to 280 m on the rocky bottom in Sagami 
Bay, Pacific coast of Japan, in the waters from the Ogasawara Islands to Taiwan and off 
the coast near the Goto Islands, Nagasaki. It was measured up to 30 cm in height. In the 
waters near Wakayama, Pacific coast of Japan, from the Ogasawara Islands to the 
northern South China Sea and off the Goto Islands, Nagasaki, C. elatius distributed on 
the rocky bottom at a depth of 100 – 276 m , with a height of up to 1.1m and 1.7 m in 
width and weighed 67 kg (Iwasaki and Suzuki, 2010). C. konojoi distributed on the 
rocky bottom at a depth of 76 to 276 m in the waters of Wakayama, pacific coast of 
Japan, in the waters from the Ogasawara Islands to the northern South China Sea and 
off the Goto Islands, Nagasaki, with a height of up to 30 cm (Seki, 1991; Nonaka et al., 
2006). .  
In Japan, JPC fishing for P. japonicum, C. elatius, C. konojoi began in Kochi 
during the 19
th
 century and maintain the present day in Kochi, Kagoshima and the 
Ryukyu Archipelago (Nonaka and Muzik, 2009). Different areas have different fishing 
methods. For example, in order to collect the coral, the fishermen in Kochi drag a kind 
of tangle net with a stone weight the sea, while manned or unmanned underwater 
vehicles are used to exploit the coral in Kagoshima and off Okinawa. Coral fisheries in 
Japan authorized by prefecture governors and fishing methods, areas and periods are 
different in prefectures. In a case of manned or manned underwater vehicles, fishermen 
follow self imposed minimum size limits that allow them to harvest corals only above a 
certain size (Iwasaki et al., 2009). 
  







Fig. 2.1 Japanese precious corals. Above left : Shiro (white) (Corallium konojoi). Above 
right: Momo (Pink) (Corallium elatius). Below: Aka (red) (Paracorallium japonicum) 
 
  







Precious coral species have both sexual and asexual production. Concerning 
gorgonian sexual reproduction, Ribes et al (2007) reported that there are 3 types. Firstly, 
fertilization occurs when eggs and sperms are released into the water. Secondly, eggs 
are fertilized and develop into larvae within female polyp. Thirdly, eggs are fertilised 
and develop into larvae on the surface of the mother colonies. Red coral (Corallium 
rubrum) can attain sexual maturity from 2 – 10 years (Santangelo et al., 2003; Torrents 
et al., 2005) while Grigg (1993) reported that C. secundum needed 12- 13 years to attain 
maturity. Gallmetzer et al., (2010) reported that sexual maturation between male and 
female of precious corals is different. Male can achieve sexual maturation only 
approximately 6 years, while those of female is 10 years. Early maturation in males 
could point to a strategy against possible sperm limitation in environments where the 
presence of constant currents or turbulences enhances the dilution of gametes released 
into the water and reduces the fertilization success, if not compensated by early and 
high sperm production (Gallmetzer et al., 2010). Therefore, these information have been 
helpful for management of the species. For example, colonies achieve sexual maturity 
only after approximately 10 years, but need at least 20 years or more to reach a colony 
size able to ensure a higher reproductive potential (Garrabou and Harmelin, 2002; 
Marschal et al., 2004; Torrents et al., 2005)  
 This thesis focuses on Japanese precious corals. However, information on 
reproduction of this species is very limited. (Kishinouye, 1904) reported that the 
reproductive season of P. japonicum was spring. Eggs and spermatids of this species 





collected in March and September and it is noted that eggs and spermatids in March 
were larger in number and bigger than in size than in September. 
 
2.3. SKELETAL STRUCTURE AND FEEDING 
 
Iwasaki and Suzuki (2010) reported that JPC live attached directly to the 
bottom of 10-20 m high rock, between rocks, on slopes of 20-30 m high sea cliffs and 
rocks scattered on the sandy bottom. Colonies of C. elatius and C. Konojoi usually 
growth in the shape of fan, oriented at right angles to the water current, and their outer 
branches, were polyps grow, curve inwards slightly toward the current (Nishijima and 
Kamura, 1969). Precious coral skeletons are a complex of protein or calcium carbonate, 
its task is considered as a support system (Kishinouye, 1903, 1904; Muzik and 
Wainwright, 1977). In fact, the axis must be hard to support colonies away from seabed 
as well as limiting impact of water velocities (Muzik and Wainwright, 1977). 
Iwasaki,(2010) also showed that the axial skeleton of precious coral is hard with a Mohs 
hardness of 3.5 and specific gravity of 2.6 to 2.7. 
Jones et al.(1994) suggested that if precious coral colonises form a 
three-dimension structure and other marine organisms make it their habitat for creating 
communities. In the fact that numerous organisms , such as galatheid crabs, brittle stars, 
mollusks , polychaetes and zoanthids, live in the colonies (Kishinouye, 1904; Reimer et 
al., 2008). Precious corals not only provide shelter but also feed on suspended matter 
coming down form ocean surface turns it into organic matter, and pass it down to 
benthic communities (Gili and Coma, 1998). Stable carbon and nitrogen isotope 





composition of a JPC, its associated organisms, and plankton collected from the sea off 
Kagoshima, Japan were shown by Iwasaki (2010)  
 
2.4  GROWTH CHARACTERISTICS OF JAPANSE PRECIOUS CORALS 
 
2.4.1 Growth banding 
 
In the fact the information on growth characteristics of precious corals and reef 
building corals were described by (Marschal et al., 2004; Vielzeuf et al., 2008). 
However, research on determining the growth characteristic of JPCs has been limited. 
Some growth characteristics of JPCs were described by (Luan et al., 2013). For instance, 
The skeletons of the JPC were narrow at the tip and wide at the base of colony. Distinct 
growth rings did not form in the core of skeleton (detailed discussion in Chapter 3)  
Using digital microscope (Luan et al., 2013) reported that axis cross section of 
JPC showed light and dark bands. The light bands were wider than the dark bands. 
Growth rings of axis cross section (a few hundred micrometers) were clearly visible and 
identifiable under the VHX-1000 and It was difficult to identify the growth rings in 
thicker sections. These characteristics were confirmed by (Marschal et al., 2004). They 
reported that a growth band consist a thick light colour and a thin dark colour that forms 
during the late autumn and winter months, corresponding to slow growth seasons. The 
dark bands indicate the zones of high organic matrix (OM) concentration, while the 
wider light bands represent the zones of low OM concentration in the coral skeleton 
(Marschal et al., 2004; Vielzeuf et al., 2008). 







Fig. 2.2 A cross-section of the coral skeleton of DPC-19 (Paracorallium japonicum) 
(left). Two types of growth bands, light and dark, as seen under the VHX-1000 digital 
microscope. The dark bands indicate the zones of high organic matrix (OM) content 
 
Fig 2.3. Microscopic images of a corallium rubrum colony. A gerneral view of cross 
section obtained suing the petrographic and B the cross section after staining the 









2.4.2 Age and Growth rate  
 
For some species of coral, ages can be estimated by counting skeletal growth 
zones in cross sections of the axial skeleton (Grigg, 1974; Andrews et al., 2002; Risk et 
al., 2002b; Marschal et al., 2004; Roark et al., 2006). 
The growth ring is annual and estimating age of corals based on counting the 
rings is more accurate than based on growth rate (Grigg, 1974). This author also 
suggested the number rings and estimates of age based on the growth age was suitable 
for young colonies.  
Studies of age and growth characteristics of coral as shown by (Andrews et al., 
2002), those who counted growth rings in cross section to estimate age and growth and 
using a radiometric method to validate the estimated age and growth from ring counts. 
Risk et al.(2002a) and Casu et al (2008) also studied age of deep sea corals based on 
counting skeletal growth zones in cross sections of the axial skeleton. The results 
showed that the growth band of skeletons was approximately 10μm wide, which may be 
annual, and these authors suggested that the growth of these corals was very slow and 
long-lived.  
Marschal et al.(2004) also reported that conventional petrographic method of 
direct microscope observation detected about 7 rings on the cross section of a 21 – 22 
year old colony, while organic matrix staining method showed 17 – 18 rings. The 
organic matrix staining method showed underestimation of 3 – 4 rings in comparison 
with the actual age (Table 2.1) 
However most these study focusing on reef-building corals or red coral (C. 
rubrum) and research on determining growth bands of JPCs is limited.  





Growth rates of JPCs differ significantly depending on coral species, habitat 
and environmental conditions. Diametric growth rates of the P. japonicum were slow. 
Different species showed different growh rate eventhough the same species and the 
same habitat. For example the same species but one colony showed 0.20±0.08, while 
another one was (0.27±0.01). While linear growth rate of this species range from 
2,22±0.82-6.66±5.52 mm per year (Luan et al., 2013). C. elatius showed a diametric 
growth rate of 0.30±0.04 and linear growth rate of 2.76±2.09 mm yr
-1
. The diametric 
and linear growth rate of C. konojoi showed a 0.44±0.04 and 7.60±0.75 mm yr
-1
, 
respectively (Luan et al., 2013). 
 Other PC species have been found growth faster: for Mediterranean red coral 
(C. rubrum), 0.35±0.15 (Marchal et al., 2004); 0,24 ± 0.05 (Gallmetzer et al., 2010); 
0.62±0.19 (Bramanti et al., 2005). Information on growth rate of other species are listed 
in Table 2.2 
  







Table 2.1: Actual age and estimate obtain by staining the organic matrix and by the 
petrographic for five colonies collected from the experiment panels (Marschal et al, 
2004) 
Colony Age (years) Age estimates (number of growth rings) 
  Organic matrix staining  Petrographic method 
1 21 18 7 
2 21 18 7 
3 22 18 7 
4 20 17 7 
5 20 16 5 





Marschal et al (2004) used staining organic matrix matrix method for aging C. 
rubrum (Fig. 2.3). . This method provided high resolution and clearer growth rings of C. 
rubrum. However, our recent study on P. japonicum showed that the annual growth 
rings were not more clearly visible in the stained slabs (using organic matrix staining 
method) than un-stained slab (using a high resolution VHX-1000 digital microscope) of 
skeleton of JPC because it is likely that the low concentration of organic matrix in the 
JPC (Luan et al., 2013).  
 
2.5 TRACE ELEMENT DISTRIBUTION IN THE SKELETONS OF PRECIOUS 
CORALS OF PRECIOUS CORAL AND ITS ROLES IN 
PALEOENVIRONMENT RECONSTRUCT. 
  
Chemical analyses of carbonate skeletons in precious corals found that the 
mineralised hard tissues of precious corals are composed of axial skeleton and sclerites 
(Fig. 2.4). Both sclerites and skeletons of corals are mainly made of calcium carbonate 
(CaCO3) crystallized in the form of calcite and small amounts of trace elements also 
found  (Maté et al., 1986; Hasegawa and Iwasaki, 2010; Debreuil et al., 2011) 
Trace elements are incorporated in corals in the formation of skeleton and this 
can results in the production of growth rings composed of inorganic elements. In order 
to get this information, several studies have determined surface composition of the 
skeleton with other methods.  
Using X-ray Fluorescence (XRF) method, Mg, Sr, Ba, I, and Mo 
concentrations have also been confirmed in P. japonicum by two-dimensional images 
(Hasegawa et al., 2010). The results showed that strong correlation between Mg and 





growth rings on the skeleton of P. japonicum obtained by XRF mapping analysis has 
been reported by Hasegawa et al. (2010), while a weak correlation between Sr 
concentration and growth rings on the skeleton of JPC obtained by XRF and Japanese 
white coral obtained by EPMA analysis (Hasegawa et al., 2012). Hasegawa et al (2012) 
also reported that Ca is distributed homogeneously while Mg concentration is 
distributed concentrically forming growth rings. 
The Mg/Ca and Ba/Ca ratios in the skeletons of JPC can reflect the 
characteristics of corals habitats. Hasegawa et al (2012) reported that P. japonicum, C. 
elatius, C. konojoi co-habit in sea-floors around Japan and the Mg/Ca and Ba/Ca ratios 
in these three corals collected from the same area were within similar ranges without 
species-specific differences. Comparison between Mg/Ca and Ba/Ca ratios in corals 
from the Mediterranean Sea and Japanese waters and the sea around the Midway Islands, 
Hasegawa et al (2012) suggested that these trace element composition differed 
depending on their habitats (detailed discussion in the chapter 4) 
 Mg/Ca and Sr/Ca ratios in the skeletons of JPC of present study determined 
by EPMA analysis are well agreed with those in the skeletons of C. rubrum measured 
by XRF (Weinbauer and Vellmirov, 1995). 
Luan et al.,(unpublished) investigated the distribution of magnesium (Mg), 
phosphorus (P), sulfur (S) and strontium (Sr) along annual growth rings of JPC skeleton 
using micro X-ray fluorescence (µ-XRF). The results showed that The Mg, P and S 
distribution in µ-XRF mapping images correspond to the dark and light bands along the 
AGRs in microscopic images of the coral skeleton. The report also showed the 
distribution pattern of S, P and Mg in the axial skeleton of JPC (P. japonicum) reveals 
linkage between the trace element distribution and the formation of dark/light bands 





along the AGRs. S and P were distributed in the organic matrix (OM) rich dark bands, 
while Mg was distributed in the light bands of the AGRs (detailed discussion in the 
chapter 5). 
Besides, the speciation of sulfur using X-ray absorption near edge spectroscopy 
(XANES) along the annual growth rings (AGRs) in the skeleton of Paracorallium 
japonicum were also investigated. The results revealed XANES analysis showed that 
inorganic sulphate is the major species of S in the skeleton of P. japonicum with a ratio 
of 1:20 for organic and inorganic sulphate (Luan et al., unpublished) (in the chapter 5)  
Previous reports also suggested that trace elements roles in the skeleton of 
coral to reconstruct paleoenvironment. For instance, Weinbauer et al (2000b) showed 
that the Mediterranean red coal was sensitive to increase in temperature and light. The 
incorporation of Mg and Sr in the skeleton may be affected under changes in climate 
and increase in temperature and ultraviolet radiation. As a result, the Mg/Ca and Sr/Ca 
ratios of red coral skeletons has been considered as ecological indicator. 
The variability of Mg, Sr and Ca concentrations in the skeleton types of the red 
coral (C. rubrum) based on X-ray fluorescence spectroscopy and microprobe analysis as 
a prerequisite for their use as ecological indicators (Weinbauer et al., 2000a).  
By using secondary ion mass spectrometry (SIMS), Heikoop et al.(2002) also 
reported a temperature dependency of skeletal Mg/Ca ratios in the precious coral, while 
Bond et al (2005) also using SIMS to analyze Mg/Ca ratios of high-Mg calcite loculi 
with skeleton of a shallow water gorgonian Plexaurella dichotoma from Bermusa and 
found a positive correction between Mg/Ca ratios and annual sea surface temperature. 
Skeletal Mg/Ca ratio in deep-sea PCs have strong potential as a geochemical 
indicator for temperature (Suzuki et al., 2010). These authors also analyzed chemical 





compositions of C. konojoi which is collected off Kochi, Japan including skeletal 
Mg/Ca and Sr/Ca ratios. This result showed skeletal Mg/Ca ratios from core to the 
margin of the section declined by about 10 mmol mol
-1
 and this decrease in the Mg/Ca 
ratio corresponded to a cooling of approximately 1.7-2.5
o
C because Mg/Ca ratios 




, while the increase in oxygen 
isotope ratios from the centre to the margin along the transect was about 2‰, suggesting 
approximately 8
o
C of warming if typical temperature dependency of oxygen isotope 
ratios (- 0.22‰. C-1) (Weinbauer et al., 2000a)  
The studies on biochemistry of PC in general and JPCs in particular is very 
limited so these studies provide vital important to better understanding about these 
species and marine organism as well. 





Table 2.2 Biology of Japanese precious corals species   
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Fig. 2.4 Living colony of Mediterranean red coral (Corallium rubrum) (A). Axial 
skeleton of C. rubrum (B) and Sclerites of this coral (C) (Debreuil et al., 2011)  
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RESULTS AND DISCUSSON 
 
 
GROWTH CHARACTERISTICS AND GROWTH 





Precious corals which belong to the deep sea corals are some of the most 
valuable living marine resources, and are harvested in limited areas in the world. 
Precious corals are different from reef-building corals in that their skeletons are 
closely-packed with magnesium calcite, while the reef-building corals consist mostly of 




aragonite, and are porous because of its loosely-packed crystals (Hasegawa et al., 2012). 
Some of the important precious corals include Corallium rubrum, Paracorallium 
japonicum, Corallium elatius, Corallium konojoi and Corallium secundum (Tsounis et 
al., 2010a; Tsounis et al., 2010b). The Corallium spp. are distributed in the seas around 
Hawaii and the Midway Islands, (Grigg, 1993b). Japanese red (P. japonicum), pink (C. 
elatius), and white (C. konojoi) corals are distributed and harvested in waters near Japan 
(Iwasaki et al., 2009b). Paracorallium japonicum can be up to 30 cm height, and is 
found at depths of 76-280 m on the rocky bottom in Sagami Bay (Pacific coast off 
Japan), in the waters from the Ogasawara Islands (Japan), and off the coast near the 
Goto Islands, Nagasaki (Japan) (Iwasaki and Suzuki, 2010). Corallium elatius is 
distributed on the rocky bottom at a depth of 100-276 m in the waters near Wakayama 
(Pacific coast of Japan), from the Ogasawara Islands (Japan) to the northern South 
China Sea, and off the Goto Islands, Nagasaki, Japan (Iwasaki and Suzuki, 2010). 
Corallium elatius can be up to 67 kg with a height up to 1.1 m and width up to 1.7 m 
(Iwasaki and Suzuki, 2010). Corallium konojoi can grow up to 30 cm, and is distributed 
on the rocky bottom at a depth of 76-276 m in the waters of Wakayama (Pacific coast of 
Japan), in the waters from the Ogasawara Islands (Japan) to the northern South China 
Sea, and off the Goto Islands, Nagasaki, Japan (Seki, 1991a; Nonaka et al., 2004). 
Growth rates and ages of DSC have been estimated and measured by different 
methods including tagging (Grigg, 1974), counting of annual growth rings in the axial 
skeleton (Grigg, 1974; Wilson et al., 2002), and applying radiometric techniques such 
as U/Th, 
210
Pb and radiocarbon dating (Druffel et al., 1990; Cheng et al., 2000; 
Andrews et al., 2002; Risk et al., 2002; Adkins et al., 2004; Adkins et al., 2006; Griffin 
and Druffel, 2006). All these methods estimate the age of individual specimens by 




extrapolating the calculated linear or diametric growth rates (DGRs) . Growth rates and 
ages of precious corals have also been determined by various methods such as organic 
matrix staining (OMS) in the axial skeleton (Marschal et al., 2004; Gallmetzer et al., 
2010), in situ studies (Garrabou and Harmelin, 2002; Bramanti et al., 2005), and 
14
C 
method (Roark et al., 2006a).  
The petrographic method is a popular method for observing growth ring 
density in thin cross-sections (CSs) of the axial coral skeleton in order to estimate 
growth rates and ages of precious corals (Grigg, 1974; Santangelo et al., 1993; Andrews 
et al., 2002). In the OMS method, the organic matrix in the thin CS of the axial 
calcareous skeleton of the Mediterranean red coral (C. rubrum) was employed to better 
identify growth rings, and the results showed that compared to the petrographic method, 
staining the organic matrix provided a clearer image of the growth rings (Marschal et al., 
2004). Japanese precious corals are famous from antiquity for their beauty and 
mysterious powers of their skeletons. To date, however, research on determining growth 




In the present study, the growth characteristics of three Japanese precious 
corals were studied by examining their skeletal structure and estimating growth rates 
and ages based on growth ring counts in CSs of the axial skeletonusing a high resolution 
VHX-1000 digital microscope, termed as VHX-1000 hereafter, without staining the 
organic matrix in the skeleton. In addition, growth rings in the stained (staining the 
organic matrix in the skeleton with toluidine blue (Marschal et al., 2004) and unstained 




CSs of the axial coral skeleton were observed through the VHX-1000. The clarity of 
growth rings in stained CSs was compared with those of unstained CSs to validate the 
advantages of non-destructive unstaining method over the OMS method in determining 
growth rates and ages of Japanese precious corals.. 
 
3.3.MATERIALS AND METHODS 
 
3.3.1. Sample collection 
 
Five colonies of each of the three Japanese precious corals were collected from 
different locations of Japanese waters. Colony 1 (DPC-18) and colony 2 (DPC-19) are 
deep-sea red corals (P. japonicum), which were collected from 207 and 212 m depth, 
respectively, off Amami Islands, Kagoshima, Japan on March 08, 2009. Colony 3 
(DPC-20) is also a red coral (P. japonicum) was collected from a different depth and 
location (100 m depth off Kochi, Japan) on October 09, 2011. Colony 4 (DPC-10), a 
pink coral (C. elatius), was collected from 200-300 m depth Ryukyu Islands, Okinawa, 
Japan, and colony 5 (DPC-21), white coral (C. konojoi), was collected at a depth of 100 
m off Kochi, Japan on November 10, 2011. 
 
3.3.2. Cross-section preparation of the coral skeleton 
 
Colonies were dried at room temperature of 25
o
C. One to three mm thick CSs 
of the axial coral skeleton of each colony were made using a NSK ElecterEmax (NE 
129, Nakanishi Inc., Japan) at different points from the tip to the bottom of the skeleton 




(Fig. 3.1). The CSs were then embedded and coated in epoxy resin to provide a 
protective cover for cutting, grinding, and polishing the CSs of the skeleton. The CSs 
were then mounted on glass slides and polished with 60, 120, 400, 800, 100, 1500 and 
2000 SiC grid powder and 3M imperial polishing paper. The thin polished CSs (slabs) 
were then cleaned ultrasonically, rinsed in 100% ethyl alcohol, and dried. The polished 
surfaces of the slabs were kept free from dust prior to examination under the 
VHX-1000. 
 
3.3.3. Staining of organic matrix in the coral skeleton 
 
Based on the petrographic method, Marschal et al. (2004) developed the OMS 
method for measuring growth rate and age of the Mediterranean red coral (C. rubrum) 
by staining the organic matrix in the calcite skeleton. In this method, the thin (100-150 
µm) slabs of coral skeleton were decalcified using 2% acetic acid solution for 4–5 h. 
After a gentle rinse, the slabs were stained with 0.05% toluidine blue for 10-30 s. Slabs 
were occasionally stained several times to improve visualization of the organic matrix 
rings under the stereomicroscope. After decalcification, special care had to be taken in 
handling the slabs to avoid breakage of the organic matrix structure. In the present study, 
the organic matrix in the slabs of Japanese red coral (P. japonicum) was stained 
following the OMS method.  
 
3.3.4 Determination of the age and growth rates of Japanese precious corals 
 
Growth rates of the Japanese precious corals were estimated on the basis of 




growth ring density in the slabs considering that the growth rings are formed annually 
(Grigg, 1974; Wilson et al., 2002; Marschal et al., 2004). The number of growth rings in 
un-stained slabs of the Japanese red, pink and white corals was counted three times 
through a VHX-1000 (Keyence, Japan) to determine their ages and growth rates. In 
addition, the number of growth rings in both stained and unstained slabs of the Japanese 
red coral (P. japonicum) was counted through the VHX-1000 to compare the visibility 
of growth rings in the stained and unstained slabs. The magnification of the lens of the 
VHX-1000 was adjusted to 20-200x, and was set at nine different modes (normal mode, 
sharpening image mode, light shift, glare remove, sharpening image mode with glare 
removed, Hight Dynamic Range (HDR) with light shift, HDR1, HDR 2 and HDR3) in 
order to capture the best images in which growth rings were most visible. Diameter of 
the slabs was calculated from the average of four measures at different positions using 
digital microscope (one of advantageous functions of the digital microscope), while 
distance of the spots from the base of the skeleton, from where the slabs were taken, 
was measured with a ruler (with the nearest 0.05 mm). The DGRs (α) were calculated 




…………………………… 𝑖  
where, a is the diameter of the slab and b is the the number of growth rings in 
the slab of the coral skeleton. Linear growth rates (β) of the corals were calculated from 





where, (𝑎 − 𝑎′) is the difference between two successive slabes and (𝑥 − 𝑥′) 
is the decrease of growth ring number in those two successive slabes. 





3.4. RESULTS  
 
3.4.1. Growth characteristics of Japanese precious corals 
 
The skeletons of the Japanese red, pink and white corals were narrow at the tip 
and wide at the base of colony (Fig. 3.1). The diameter of the core in the younger part 
(tip) is wider than that in the older part (base) of the colony; and the ratio of the core 
and total (including the core) diameter in the axis CSs increased with increasing 
distance of the axis CSs from the base to the tip of the colony (Fig. 3.2). In addition, 
calcium carbonate deposited in the core of the younger parts did not form distinct 
growth rings (Fig. 3.3B). 
Growth rings in horizontal thin (a few hundred micrometers) cross sections were clearly 
visible and identifiable under the VHX-1000; however, it was difficult to identify the 
growth rings in thicker sections. Under the VHX-1000, two types of growth bands, light 
and dark, were observed. The light bands were wider than the dark bands (Fig. 3.3A). 
No trace of growth rings was identified in the thin section of a branch tip of P. 
japonicum (Fig. 3.3B). 
 
  






Fig. 3.1. Axial skeleton of Japanese red coral Paracorallium japonicum (DPC-18). 
Numbers on the skeleton indicate the sample sites, and the images are the cross-sections 
of the corresponsing samples. The cross-sections were polished to make the growth 
rings clear to count them and estimate growth rate and age of the coral. The diameter of 
the core become wider at the younger part (tip;1) than at the older part (base; 6) of the 
colony.  
  






Fig. 3.2. The ratio of the core diameter and total (including the core) diameter of the 
axis. The ratio increased with increasing distance of the axis cross-sections from the 
base to the tip of the colony. The cross-section numbers (CS4-CS1) in x-axis of the 
figure represent the consecutive slabs from the base to the tip of coral axis. 
  







































3.4.2. Age and diametric growth rates of Japanese precious corals 
 
2.4.2.1. Paracorallium japonicum (Japanese red corals) 
The diameter of DPC-18 ranged from 2.60 to 6.30 mm with an average of 
4.20±1.48 mm. The number of annual growth rings in these CSs ranged between 10 and 
26 indicating that the minimum estimated age of this colony is 10 years (yrs) and the 
maximum is 26 yrs with an average age of 18±6yrs. The diametrical growth rate (DGR) 
of this colony was 0.24±0.02 mm yr
-1 
(Table 3.1). 
 The diameter of CSs of colony DPC-19 was much bigger than the colony 
DPC-18 (ranging from 8.10 to 22.50 mm with an average of 13.05±6.58 mm) and the 
estimated age of this colony was older than that of DPC-18 (ranging from 29 to 83 yrs 
with an average of 50± 25yrs). However, the DGRs of these two colonies did not differ 
substantially, with an average of 0.27±0.01 mm yr
-1
 for colony DPC-19 compared with 
0.24±0.02 mm yr
-1
for colony DPC-18 (Table 3.1). 
Colony DPC-20 had a diameter of 8.23±5.60 mm (range 3.70-16.40 mm). The 
average estimated age of this colony was 44±24 yrs ranging from 12 to 70 yrs. However, 
this colony showed the slowest average DGR (0.20±0.08 mm yr
-1
) among the three 
Japanese red coral colonies studied (Table 3.1). 
 
3.4.2.2. Corallium elatius (Japanese pink coral) 
The Japanese pink coral (C. elatius; colony DPC-10) showed a range of growth 
rates. The average age of this colony was 54±33 yrs with a range of 24-100 yrs, and the 
DGR was 0.30±0.04 mm yr
-1
 with a range of 0.27 to 0.36 mm yr
-1
 (Table 3.1). However, 
the average growth rate of this coral was higher than that of the Japanese red coral (P. 






3.4.2.3. Corallium konojoi (Japanese white coral) 
 
The estimated average age of DPC-21 was 16±9 yrs with a range of 5-27 yrs, 
and the average growth rate was 0.44±0.04 mm yr
-1
ranging from 0.39 to 0.48 mm yr
-1
. 
The average of growth rate of this species was double that of the Japanese red coral (P. 
japonicum).  
 
3.4.3. Linear growth rates of Japanese precious corals 
 
The number of growth rings in CSs at different heights from the base of the 
five colonies of three Japanese coral species provided a range of linear growth rates. 
The Japanese red coral (P. japonicum), DPC-18, DPC-19 and DPC-20 showed a 
decreasing pattern of linear growth rate from the tip to the base, except cross-section 1 
of DPC-18. Japanese pink coral (C. elatius) also showed a same pattern, but the 
Japanese white coral did not (Table 3.2).  DPC-18 and DPC-19 (Table 3.2), showed an 
average linear growth rate of 5.68±2.60 and 5.82±4.86mm yr
-1
, respectively. The 
DPC-20 colony of the same coral species showed lower linear growth rate (2.22±0.67 
mm yr
-1
) than the colonies DPC-18 and DPC-19. The Japanese pink coral (C. elatius) 
showed a slower linear growth rate (2.76±1.70 mm yr
-1
) compared to other species 
(Table 3.2). However, the linear growth of the Japanese white coral (C. konojoi) was 
much faster (7.15 ± 0.53) than all the other Japanese precious coral species studied  
 






3.5.1. Growth characteristics of Japanese precious corals 
 
Japanese precious corals showed distinct growth characteristics. The axial 
skeletons of the corals were thinner at the tips than at the base of the colony, and the 
diameter of the core was wider at the tip which was the younger part than at the base 
which was the older part of the colony. An increasing pattern of the ratio of core 
diameter and diametric CS from the base to the tip of the colony was observed (Fig. 3.1), 
which concurs with the study of Tracey et al. (2007) for bamboo corals. However, why 
the core diameter of the coral axis increases toward the tip of the colony was not clearly 
demonstrated in previous studies. The reason for the increasing core diameter toward 
the tip of the coral colony is likely due to the fact that during the first few years of life, 
the calcium carbonate deposited in the core of the axis might not form growth rings 
(Marschal et al., 2004). Therefore, the tip of younger parts of the colony almost shows 
an ratio of axial core size and diametric CS wider than that in the older parts.  
Light bands in the thin CSs of the coral skeleton were wider than the dark 
bands (Fig. 3.3A). The dark bands indicate the zones of high organic matrix (OM) 
concentration, while the wider light bands represent the zones of low OM concentration 
in the coral skeleton (Marschal et al., 2004; Vielzeuf et al., 2008). The formation of 
dark and light bands depends on the availability of calcium and organic matter. The 
formation of growth rings in calcified material of marine organisms (e.g., intertidal 
barnacles and molluscs) can be entirely due to inorganic deposition, or can be defined 
by the alternation of a dark-colored organic layer followed by a lighter carbonate-rich 




layer (Goldberg, 1991). In the skeletons of stony corals, sometimes the dark-colored 
organic layer is produced on emersion when calcium is unavailable (Dillon and Clark, 
1980; Bourget, 1987), or due to the incorporation of inorganic foreign elements (Boto 
and Isdale, 1985). However, Bak and Laane (1987) argued that the black bands do not 
result from the inclusion of foreign matetial by the coral but are characterized by high 
concentrations of a dark fungus. Therefore, in some cases, the mechanism of growth 
band formation may be related to biological rather than physical cycles. In particular, 
the presence of annual growth rings in any species provides a powerful aid in 
interpreting their population dynamics (Grigg, 1974). 
  





Fig. 3.3. (A) Two types of growth bands, light and dark, as seen under the VHX-1000 
digital microscope. The dark bands indicate the zones of high organic matrix (OM) 
content, while the light bands represent the zones of low OM content in the coral 
skeleton. (B) A cross-section at the tip on the younger part of the coral skeleton 
(Paracorallium japonicum). The calcium carbonate deposited in the core on the younger 
part of the axis does not generate/form growth rings. 
  





Fig. 3.4. Growth rings in thin cross-sections of the axial skeleton of different Japanese 
precious coral species under the VHX-1000 digital microscope. (A-B) red coral 
(Paracorallium japonicum), (C-D) pink coral (Corallium elatius), (E-F) white coral 
(Corallium konojoi) 
  




3.5.2. Growth rates of Japanese precious corals 
 
Diametric and linear growth rates of three Japanese precious coral species (P. 
japonicum,C. elatius, C. konojoi) were determined based on annual growth ring 
counting in the axial skeleton using the VHX-1000. Growth rings in thin CSs of the 
axial skeleton of different Japanese precious coral species under the VHX-1000 are 
presented in Figure 3.4. In general, DGR of Japanese precious corals is similar or 
slower than that of other precious corals species, but falls within the range of reported 
values for other precious coral species from other geographical locations (Table 3.4). 
The average DGRs of Japanese corals ranged between 0.24±0.05 and 0.44±0.04 mm 
yr
-1
, while the growth rates of Mediterranean red coral (Corallium rubrum) ranged 
between 0.20 and 0.62±0.19 mm yr
-1
. The DGR of the Mediterranean red coral (C. 
rubrum; 0.20 mm yr
-1
) collected from Pointe de La Revellata, France (Gallmetzer et al., 
2010) is similar to that of the Japanese red coral (P. japonicum; 0.20±0.08 mm yr
-1
) 
collected from off Kochi, Japan. A similar DGR (0.24 mm yr
-1
) was also observed for 
the Mediterranean red coral (C. rubrum, collected from Marseille, France) and the 
Japanese red coral (P. japonicum, collected from Amami Island, Kagoshima, Japan; 
Table 3.4). However, the Mediterranean red coral (C. rubrum) from Tuscany, Italy had 
higher DGR (0.62±0.19 mm yr
-1
; (Bramanti et al., 2005; Roark et al., 2006a)) than that 
of the Japanese red coral.  
The DGRs within the Japanese precious corals also differed substantially 
depending on coral species, habitat (depth and geographical location) and 
environmental conditions (Table 3.1). Colonies DPC-18 and DPC-19 of the Japanese 
red coral (P. japonicum) had average DGRs of 0.24±0.02 and 0.27±0.01 mm yr
-1
, 




respectively. Both colonies were collected from the same geographical location (Amami 
Island, Kagoshima, Japan) but from slightly different depths (207 and 212, respectively). 
Colony DPC-20, which was collected from Kochi, Japan at a depth of 100 m had 
significantly lower DGR (0.20±0.08 mm yr
-1
) than colonies DPC-18 and DPC-19 of the 
same species. A recent study (Luan et al., unpulished) showed that DGRs of colony 
showed a range of the growth rate of Japanese red coral (DPC-22) (0.30-0.56 mm yr
-1
) 
was higher than DPC18 and DPC19 althought all three colonies were collected the same 
location (Kagoshima, Japan) (Table 3.3). These results reveal that the growth rate of 
same coral species may differ for different geographical locations, environmental 
conditions and habitats.The present study also showed that the growth rates of colonies 
DPC-20 (P. japonicum) and DPC-21 (C. konojoi) differed substantially (0.20±0.08 and 
0.44±0.04 mm yr
-1
, respectively) even though both coral species were collected from 
the same location (Kochi, Japan) and depth (100 m). Average growth rate of DPC-272 
(0.36±0.05 mm yr
-1
) and DPC-16 (0.38±0.03) (Luan et al., unpulished) (Table 3.3) was 
higher the colony DPC-10 (0.30±0.04 mm yr
-1
) but lower than the colony DPC-21 in 
this study. These results clearly demonstrate that different coral species show different 
growth rates even though the environmental conditions and habitat are the same. 
The linear growth rates of the Japanese red coral (P. japonicum) and the 
Mediterranean red coral (C. rubrum) differed greatly. It was reported that the linear 
growth rates of the Mediterranean red coral ranged between 1.78±0.67 and 1.83±0.15 
mm yr
-1
(Garrabou and Harmelin, 2002; Bramanti et al., 2005), while the present study 
showed that the linear growth rates of the Japanese red coral ranged between 2.22±0.67 
and 5.82±4.86 mm yr
-1
 (Table 3.2). Linear growth rates were also found to be differ 
considerably within the Japanese precious corals (Table 3.2). The results reveal that the 




linear growth rates depend on the growth stages of the precious corals. 
 
3.5.3. Correlation between number of growth rings and diameter 
 
In the present study, the ages and DGRs of three Japanese precious coral 
species were estimated based on the number of annual growth rings and the diameters of 
the axial skeleton. A significant positive correlation between the number of annual 
growth rings and the diameters of the axial skeletons was observed for the three coral 
species studied (Fig. 3.5). These results indicate consistent DGRs and increase of 
diameters of these Japanese precious corals. 
  





Fig. 3.5: Correlation between the number of growth rings and the diameter of the base 
































































































3.5.4. Determination of the ages and growth rates of Japanese precious corals 
 
A number of methods has been employed for determining the age and growth 
rate of corals (Garrabou and Harmelin, 2002; Marschal et al., 2004; Roark et al., 2006a; 
Bruckner and Roberts, 2009). The petrographic method has been a popular method for 
estimating growth rates and ages of precious corals based on growth ring density in thin 
CSs of axial coral skeleton (Grigg, 1974; Santangelo et al., 1993; Andrews et al., 2002). 
However, Marschal et al. (2004) developed the OMS method (a modification of the 
petrographic method) for measuring growth rate and age of the Mediterranean red coral 
(C. rubrum) by staining the organic matrix in the calcite skeleton. Since the OMS 
method is mainly based on the concentration of organic matrix in the coral skeleton, it is 
uncertain whether this method is suitable for the determining the age and growth rates 
of corals having low concentrations of organic matrix. In the present study, growth rings 
on thin slabs of the Japanese red coral (P. japonicum) were observed through the 
VHX-1000 to determine age and growth rate of the coral based on the principles of the 
petrographic method. High dynamic range (HDR) is the most important function for 
light settings in the VHX-1000. This function first captures multiple images at several 
brightness levels and then integrates them into a single image with extremely high  
  





Fig. 3.6: Cross-section of the axial skeleton of the Japanese red coral (Paracorallium 
japonicum) observed under the VXH-1000 digital microscope without treatment (A), 
after treatment with 2% acetic acid solution for 4-5 h (B), and after staining the organic 
matrix in the skeleton with 0.05% Toluidine blue for 10-30 s (C). Magnified images of 
the internal region near center before and after staining the organic matrix with 0.05% 
Toluidine blue (D). 




levels of color gradation (16-bit and 65536 levels of gray). Therefore, under the 
VHV-1000 digital microscope at high magnification (x200), minor rings are observed 
beside growth rings in the CSs of P. japonicum, and thus, this method produces an 
accurate image of the coral skeleton with clearly visible structures and growth rings. 
Marschal et al. (2004) reported that compared to the polarisation microscopy 
method the OMS method provides high resolution and clearer growth rings in the 
Mediterranean red coral (C. rubrum). In the OMS method, thin (< 50 µm) slabs of the 
coral skeleton are soaked in 2% acetic acid for 4-5 h and then stained with 0.05% 
toluidine blue for 10-30 s; however, this treatment not only decalcifies but also destroys 
the organic matrix in the skeleton. Therefore, the thickness of slabs and the time of 
soaking in the acetic acid solution as well as the concentration of toluidine blue need to 
be considered. In the present study, growth rings in both stained (with 2% acetic acid 
solution for 4-5 h and 0.05% toluidine blue for 10-30 s) and unstained slabs of the 
Japanese red coral (P. japonicum) were observed through the VHX-1000 and the results 
were compared. The annual growth rings were more clearly visible in unstained slabs 
than the stained slabs (Fig. 3.6). This may be attributed to the low concentration of 
organic matrix in the Japanese red coral, which is likely to be due to different 
environmental conditions and habitats, such as weather patterns, ocean currents, depth, 
water temperatures, and nutriment availability. Therefore, the OMS method would be 
suitable for studying the age and growth rates of the Mediterranean red coral species as 
they have high organic matrix. However, this method is unsuitable for Japanese precious 
corals. Instead, the non-destructive method (without acetic acid treatment and without 
staining the organic matrix by toluidine blue) using the high resolution VHX-1000 
would be a better choice for studying growth characteristics and estimating the age and 




growth rates of Japanese precious corals. 
  




Table 3.1: Diametric growth rates and ages of the Japanese red (Paracorallium japonicum), pink (Corallium elatius), and white 
(Corallium konojoi) corals collected from Japanese waters. 
Colony 
ID 






















































DPC-10 Corallium elatius 
(Japanese pink coral) 














DPC-21 Corallium konojoi 
(Japanese white coral) 















Table 3.2: Linear growth rates of the Japanese red (Paracorallium japonicum), pink (Corallium elatius), and white (Corallium 
corals collected from Japanese waters. 
















1 139.0 10  3.33  
2 129.0 13  8.68  
3 85.6 18  7.80  
4 62.2 21  2.90  
5 47.7 26    




1 167.2 29 12.65  
2 116.6 33 3.03  
3 49.9 55 1.78  
4  83   





1 163.7 12 3.01  
2 64.3 45 2.28  
3 50.6 51 1.37  
4 24.5 70   




Mean   2.22 ± 0.82 (n = 3) This study 
DPC-10 Corallium elatius 
(Japanese pink coral) 
 
1 150.0 24 5.08  
2 84.0 37 2.13  
3 50.0 53 1.06  
4  100 -  
Mean  
 
2.76 ± 1.70 (n = 3) This study 
DPC-21 Corallium konojoi 
(Japanese white coral) 
1 157.0 5 6.98  
2 101.2 13 6.60  
3 55.0 20 7.86  
4  27 -  
Mean   7.15 ± 0.53 (n = 3) This study 
- Corallium rubrum    1.78±0.67  (Bramanti et al., 2005) 
- Corallium rubrum    1.83±0.15  (Garrabou and Harmelin, 
2002) 
a
 The descending numbers represent the position of the cross-section/slabs of the coral axis from the tip to the base.  
b 
The linear growth rate was calculated from the ration of the distance between two successive slabs of the coral axis and the decrease 
of growth ring number for the distance between the two successive slabs (Eg.(ii)). 
  




Table 3.3: Diametric and linear growth rate of Japanese precious corals (Luan et al., unpublished) 
Colony 
ID 











































Table 3.4: Diametric growth rates of precious corals from different geographical locations estimated by different methods 
Family Coral species Location Depth 
(m) 








Corallium rubrum (Red 
coral) 
Off Pointe de La 
Revellata, 
France 
36-42 OMS* method 0.20 (Gallmetzer et 
al., 2010) 




27 OMS* method 0.35±0.15 (Marschal et al., 
2004) 




27 in situ method 0.24±0.05  (Garrabou and 
Harmelin, 2002) 





25-35 in situ method 0.62±0.19 (Bramanti et al.,  
 
2005) 
 Paracorallium japonicum 







- Petrographic method 0.40±0.10 
(0.30-0.56) 
Luan et al., 
unpublished 




- Petrographic method 0.36±0.05 
(0.29-0.42) 
Luan et al., 
unpublished 




 Japanese white coral 
(DPC-16) 
-  Petrographic method 0.38±0.03 
(0.32-0.41) 
Luan et al., 
unpublished 
 Corallium secundum 
(Hawaiian pink coral) 
Off Hawaii 450 
14
C dating method 0.17 (Roark et al., 
2006a) 
 Paracorallium japonicum 
(Japanese red coral) 
Off Kochi, 
Japan 
100 OMS* method 0.30±0.08 (Iwasaki and 
Suzuki, 2010) 
 Paracorallium japonicum 
(Japanese red coral) 
Off Goyo, Japan 140 Infrared radiation 
method 
0.34-0.50  (Iwasaki and 
Suzuki, 2010) 
 Corallium elatius 





Pb dating method 0.15 Hasegawa and 
Yamada, 2010 
 Corallium elatius 













Gerardia sp. (Savalia sp.) 
(Gold coral) 
Off Hawaii 450 
14
C dating method 0.03  (Roark et al., 
2006a) 
Antipathidae Antipathes dichotoma 
(Black coral) 
Off Hawaii 50 
14
C dating method 0.26-2.28  (Roark et al., 
2006a) 
*OMS = Organic matrix staining  
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RESULTS AND DISCUSSION 
 
 
TRACE ELEMETS IN Corallium spp. as 




Precious corals are some of the most valuable living marine resources, and are 
harvested only in limited areas in the world. They belong to the functional group of 
deep corals and are important structure-forming organisms that provide shelter for other 
organisms and increase marine biodiversity (Tsounis et al., 2010a). Precious corals are 
different from reef-building corals in that their skeletons are closely-packed with high 
magnesium calcite, while the reef-building corals consist mostly of aragonite, and are 




porous because of its loosely-packed crystals. 
Taxonomically, precious corals belong primarily to three orders of the class 
Anthozoa, and the most valuable species are red and pink corals of the genus Corallium 
and Paracorallium (Tsounis et al., 2010a). They are found mainly in the Mediterranean 
Sea and Pacific Ocean (Japanese waters and off Taiwan, off the Midway Islands and off 
the Hawaiian Islands) (Iwasaki and Suzuki, 2010). Some of the important precious 
corals include Corallium rubrum, Paracorallium japonicum, Corallium elatius, 
Corallium konojoi and Corallium secundum (Tsounis et al., 2010a). The Corallium spp. 
are commonly known as deep-sea coral, and the red coral (C. rubrum) is produced in 
the Mediterranean Sea. The pink coral (C. secundum) is distributed in the seas around 
Hawaii and the Midway Islands, and also found in the waters close to the Midway 
Island (Grigg, 1993b). 
Japanese red coral (P. japonicum), pink coral (C. elatius) and white coral (C. 
konojoi) are distributed and harvested in waters near Japan (Iwasaki et al., 2009c). 
Paracorallium japonicum is found at depths of 76-280 m on the rocky bottom in 
Sagami Bay (Pacific coast of Japan), in the waters from the Ogasawara Islands (Japan), 
and off the coast near the Goto Islands, Nagasaki (Japan) (Seki, 1991a). Corallium 
elatius is distributed on the rocky bottom at a depth of 100-276 m in the waters near 
Wakayama (Pacific coast of Japan), from the Ogasawara Islands (Japan) to the northern 
South China Sea, and off the Goto Islands, Nagasaki, Japan (Iwasaki and Suzuki, 2010). 
Corallium konojoi is distributed on the rocky bottom at a depth of 76-276 m in the 
waters of Wakayama (Pacific coast of Japan), in the waters from the Ogasawara Islands 
(Japan) to the northern South China Sea, and off the Goto Islands, Nagasaki, Japan 
(Seki, 1991a; Nonaka et al., 2004). Corallium secundum has been found to grow on flat 




exposed substrata whereas C. regale prefer encrusted uneven rocky bottom habitat in 
the Hawaiian Islands, and both species are absent from the shelf areas (<400 m depth) 
(Grigg, 1974).  
Some Corallium species have a hard calcium skeleton of intense red and others 
are pink and of pink (Iwasaki and Suzuki, 2010). Both spicules and skeletons of red 
coral (C. rubrum) are mainly made of calcium carbonate (CaCO3) crystallized in the 
form of calcite, though small amounts of other trace elements such as magnesium (Mg), 
strontium (Sr), iron (Fe), aluminum (Al) and sulphur (S) are also found (Maté et al., 
1986b). Previously, Velimirovand Bohm (1976) analyzed calcium (Ca) and Mg by 
atomic absorption spectroscopy and ethylenediaminetetraacetate (EDTA) titration with 
the aim of providing information on the mineral composition of gorgonians and the 
possible variations in different growth regions. They showed that CaCO3, MgCO3 and 
total mineral content increase markedly from branch to stem. Weinbauer and Velimirov 
(1995) determined Mg, Ca, and Sr in sclerites of four Mediterranean gorgonians and 
suggested that Mg/Ca and Sr/Ca ratios were very low (0.064-0.098 and 0.004-0.0025, 
respectively). They also revealed that calcium concentrations did not vary with 
geographical origin, while the variations of Mg/Ca and Sr/Ca ratios were related to 
water depth. Besides, there was a direct relationship between Mg concentration and 
temperature, and the Mg/Ca ratios increased significantly with the ambient water 
temperature (Weinbauer and Vellmirov, 1995). 
Reef-building coral is better understood, and concentrations of trace elements 
in its carbonate skeletons have been determined. The validity of their use as indicators 
of past environmental conditions, such as water temperatures, nutrients and pollution 
levels has been confirmed in earth and environmental science studies (Weber and 




Woodhead, 1970; Weber, 1973; Mitsuguchi et al., 1996; Mitsuguchi et al., 2001; 
Mitsuguchi et al., 2003). In contrast, studies on trace elements in precious coral have 
been focused mostly on Mediterranean red coral C. rubrum (Weinbauer and Vellmirov, 
1995; Weinbauer et al., 2000). Studies on trace elements in other precious corals, 
especially the Japanese white coral (C. konojoi), from various locations is limited. 
Research on precious corals in Japanese waters has recently been started. 
Precious corals have attracted worldwide attention as sparse biological 
resources, and Corallidae have been recently proposed for inclusion in Appendix II of 
the Convention on International Trade in Endangered Species of Wild Fauna and Flora 
(CITES) that regulates the international trade in endangered species by listing them in 
its appendices. The problem is that appendix II permits the export and/or import of 
corals from well managed stocks, while it prohibits that corals from unmanaged areas 
can pass the costumes borders. Therefore, appropriate scientific methods for the 
authentication of the uniqueness and origin of Corallidae are necessary to protect the 
coral resources and international trade. This refers both to geographical and bathymetric 
origin, because shallow coral maybe protected in one area, while deeper stocks may be 




In the present study, trace element concentrations in the skeletons of Corallium 
spp. of Corallidae family from different geographical locations (origins) were 
determined to investigate if the concentrations and distribution of trace elements were 
related to their origin and habitat.The identification of the origin of the corals via trace 




metal analysis will provide the opportunity to reveal smuggling of illegal corals with 
fake papers. 
4.3 . MATERIALS AND METHODS 
 
4.3.1. Sampling sites 
 
Samples were collected from Japanese waters, the Midway Islands’ waters and 
the Mediterranean Sea (off Italy) from fishermen, coral traders, and research institutes. 
A deep-sea coral (Corallium sp.) was collected by Marine Geological Research Vessel 
“HakureiMaru” cruise GH85-1 conducted by the National Institute of Advanced 
Industrial Science and Technology. Two specimens of Japanese red coral 
(Paracorallium japonicum) were collected by a manned submersible “Hakuyo” from 
the Kochi Prefectural Deep Seawater Laboratory. The species and the locations from 
where the samples were collected are shown in Table 4.1. 
Corals of the Mediterranean Sea and Japanese waters were sampled from a 
depth of < 150 m, while some samples of the Midway Islands were collected from a 
depth of 400-500 m and the other were from a depth of 900-1200 m (deep-sea coral). 
White coral (Corallium konojoi; Fig. 4.1) was collected from a depth of 100 m, off Cape 
Muroto, Kochi, Japan, in July 2004. 
 
4.3.2. Chemical analysis of skeleton composition 
 
Barium (Ba), Ca, Mg, and Sr concentrations were analyzed in skeleton of the 
corals. Each of the skeleton was ground in an agate mortar into a particle size of 5 mm 




in diameter and 0.1 g of it was taken into 10-mL polypropylene test tubes with three 
replications. The skeletons of precious corals were then cleaned following sequential 
methods of ultrasonic, oxidation, and reduction treatments (Shen, Boyle, 1988). At first 
the samples were treated with ultrasonic waves in 1 mL of purified water and then in 1 
mL of 0.2 M nitric acid for 10 min each. The samples were rinsed with purified water 
between the treatments. This procedure was repeated three times. After drying at room 
temperature, they were ground further in the agate mortar and were sieved through a 
25-50 Teflon mesh screen of a polypropylene sieve. The samples were then selected 
from three different sieved samples in the same colony (n = 3). 
After ultrasonic cleaning, the samples in 10-mL polypropylene test tubes were 
oxidized by addition of 1 mL solution prepared from1:1 (v/v) 30% hydrogen peroxide 
(H2O2) and 0.2 M sodium hydroxide (NaOH). They were then placed in a steam and an 
ultrasonic bath for 2 min each for a total of 10 repeats. They were then sequentially 
treated with ultrasonic waves in 1 mL of 0.2 M nitric acid for 3 min, in 1 mL of purified 
water for 10 min and in 1 mL of 0.2 M nitric acid for 3 min, and then the oxidation 
treatment was applied once again. A reduction treatment was followed by oxidation 
treatment in which the samples were treated with 1 mL solution containing 97% 
hydrogen, concentrated ammonia, and 0.3 M citric acid in the ratio of 1:6:3. They were 
then placed in a hot (70°C) and an ultrasonic bath for 2 min each for a total of 16 
repeats. Finally the samples were cleaned by repeating oxidation treatments, treating 
ultrasonic waves (2-min) in 1 mL of 0.2 M nitric acid three times, and rinsing twice in 1 
mL of 0.2 M nitric acid. Then the samples were dissolved in 1 mL of 2 M nitric acid. 
The sample solutions were diluted to 1000 times with 0.5 M nitric acid, and the 
determination of trace element concentrations in the samples were carried out by 




inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer, 
Optima 3300XL) in triplicates using a calibration curve method. 
 
4.3.3. Analysis of inorganic elements with electron probe micro-analyzer 
(EPMA) 
 
Each skeleton sample with dried organic tissues attached on the surface of 
white coral (C. konojoi) was embedded in polyester resin for EPMA. The skeletons 
were cut at 5 mm intervals perpendicular to the growth direction using a diamond saw, 
and one of the thin slices was ground to 100-200 μm with 600, 1000, and 2000 grits 
silicon carbide abrasive papers. The surface of the samples was then polished to a 
mirror finish using an alumina wrapping sheet (Marumoto Kogyo, Japan) with a particle 
diameter of 0.1 μm, and was coated with a 10-μm carbon film by evaporative deposition 
of carbon. EPMA was performed using an EPMA-8705 (Shimadzu Corporation, Japan). 
Two-dimensional images of elemental distribution were obtained by stage mapping the 
sample along the x and y axes with 29 μm raster spacing. Measurement parameters were 
set as follows: accelerating voltage at 15 keV, beam current at 0.3 µA, and a 
measurement time 0.04 sec. for Ca and Sr, and 0.22 s. for Mg and Ba. 
 
4.4 . RESULTS AND DISCUSSION 
 
4.4.1. Trace element distribution in the skeletons of precious coral 
 
Ca and Mg measurements in the cross-section of white coral (C. konojoi) 




skeleton reveal that Ca is distributed homogeneously (Fig. 4.1C), while Mg 
concentration is distributed concentrically forming growth rings (Fig. 4.1B). About 38 
growth rings of Mg were observed in tiers on a 6 mm radius. If these growth rings are 
formed annually, the radial growth rate of this white coral will be 0.32 mm yr
-1
. This 
rate agrees with the radial growth rate of the same coral obtained through infrared 
spectroscopy using synchrotron radiation as well as through 
210
Pb dating (Hasegawa et 
al., 2010). As in C. rubrum, annual rings can also be observed by staining the organic 
matrix with toluidine blue. Vielzeuf et al. (2008) performed EPMA mapping on the 
skeleton of C. rubrum and found a negative correlation between Mg concentrations and 
the organic matter, except in the center part of the skeleton, indicating that Mg 
concentrations corresponded to annual rings. Thus, Mg growth rings can be considered 
as annual rings of precious coral. 
Mg-rich layers grow in warm seasons, and the variations in Mg concentrations 
in the skeleton are very likely to be related to water temperatures. Weinbauer and 
Velimirov (1995) compared the Mg/Ca ratios in the skeletons of several C. rubrum 
species from different depths and found a positive correlation between the Mg/Ca ratios 
and water temperatures. Variations in Mg concentrations within an individual coral 
skeleton can be assessed as the Mg/Ca molar ratio. The Mg/Ca ratio in white coral 
varies from 10 to 15% of the mean values, while that in C. rubrum obtained from 
EPMA study of Weinbauer et al. (2000) varied from 13 to 30%. 
Other than these elements, Sr, Ba, I, and Mo concentrations have also been 
confirmed in Japanese red coral by two-dimensional images produced in a 
synchrotron-radiation X-ray Fluorescence (XRF) study (Hasegawa et al., 2010). These 
elements are distributed homogeneously across the cross-sections of the skeleton, and 




the variations of their concentrations are lower compared to Mg concentration. Weak 
correlation between Sr concentration and the number of growth rings on the skeleton of 
Japanese red coral obtained by XRF mapping analysis has been reported by Hasegawa 
et al. (2010). The present study also reveals a weak correlation between Sr 
concentration and growth rings on the skeleton of white coral obtained by EPMA 
analysis (Fig. 4.1E). The millimeter-scale variations of the Sr/Ca ratio do not correspond 
to those of growth rings, which is between 100 and 200μm. On the other hand, the 
Sr/Ca ratio in the skeletons of C. rubrum has been reported to vary significantly in 
proportion to skeleton density (Weinbauer et al., 2000). 
 
4.4.2. Trace element compositions reflecting the characteristics of coral 
habitats 
 
The Mg/Ca and Ba/Ca ratios in the skeletons of C. rubrum, Japanese red, pink 
and white corals, and Midway corals are shown in Fig. 4.2. Japanese red, pink and 
white corals co-habit in sea-floors around Japan. The Mg/Ca and Ba/Ca ratios in these 
three corals collected from the same area were within similar ranges without 
species-specific differences. On the other hand, Mg/Ca and Ba/Ca ratios in corals from 
the Mediterranean Sea, Japanese waters and the sea around the Midway Islands differed 





Mg/Ca and Sr/Ca ratios in the skeletons of precious corals (C. rubrum and Japanese red, 
pink and white corals) of present study determined by EPMA analysis are well agreed 
with those in the skeletons of C. rubrum measured by XRF (Weinbauer and Vellmirov, 
1995). This study also showed that Ba/Ca ratio in the Midway deep-sea corals is higher 




compared to that in other samples. 
The Mg/Ca ratios in precious corals of the Mediterranean Sea and Japanese 




, while those in pink and white corals of the 









400-500 m and 900-1200 m (deep-sea corals), respectively. Because Mg and Ca are the 
major salts in seawater, and Mg/Ca ratio is almost constant in all parts of the ocean, it is 
extremely unlikely that the observed variations in the Mg/Ca ratio were influenced by 
the Mg/Ca ratio in seawater. In a previous study, Weinbauer and Velimirov (1995) 
observed that the Mg/Ca ratio in the skeletons of C. rubrum was usually related to 
ocean’s depth. They incorporated other reports and estimated that the Mg/Ca ratio in C. 
rubrum was directly proportional to water temperature, increasing by 0.004-0.006 mol 
mol
-1
 per 1 ˚C. Water temperatures near the sediments, where the coral samples for the 
present study were collected (Table 4.1), were in the range of 13-24 °C in the 
Mediterranean Sea and Japanese waters, and 8-11 and 2-3 °C at a depth of 400-500 m 
and 900-1200 m in the Midway Islands, respectively. The difference in the water 
temperature could be predicted by the Mg/Ca ratios assuming that an increase of 
0.004-0.006 molmol
-1
 Mg/Ca ratio per 1 °C was applicable to all precious corals in the 
subclass Octocorallia. The difference in temperature between the Mediterranean 
Sea/Japanese waters and the Midway shallow area is 2-16 ˚C, and between the 
Mediterranean Sea/Japanese waters and the Midway deep area is 10-22 ˚C, which can 
be calculated as 0.008-0.096 and 0.040-0.132 mol mol
-1
of Mg/Ca ratios, respectively. 
Because these figures are close to the difference in the Mg/Ca ratios in this study (Fig. 
4.2), variations in the Mg/Ca ratio of precious corals are likely to be explained by 
difference in water temperature during coral formation. 
























). The proportions of Mg, Ca, and Sr concentrations, the major constituents of 
seawater, are almost identical to those in seawater, while Ba concentration increases 
with the depth of the ocean. For example, dissolved Ba concentrations of 30-40 mol 
kg
-1
at 50-200 m, 40-55 mol kg
-1
at 400-500 m, and 90-110 mol kg
-1
at 900-1200 m were 
reported from Corallium (what species) in the North Pacific (Chow and Goldberg, 
1960; Boyle et al., 1976). These figures agree well with the Ba/Ca ratios in the 
skeletons of analyzed precious corals collected from the waters around Japan and 
around the Midway Islands. 
  




Table 4.1: Different types of precious corals collected for ICP-AES analysis. Samples were collected from Japanese waters, Midway 
Islands’ waters and Mediterranean Sea from fishermen, coral traders, and research institutes. 
Species Common name Collection sites Habitat (m) Number of Samples (n) 
Corallium rubrum Red coral Off Italy, Mediterranean Sea <100 4 
Mediterranean Sea <100 15 
Paracorallium japonicum Japanese red coral Goto Islands, Japan 140 1 
Amami Islands, Japan 100-150* 2 
Off Cape Muroto, Kochi, Japan 100-150* 7 
Off Cape Ashizuri, Kochi, Japan 100-150* 2 
Corallium elatius Pink coral Ogasawara Islands, Japan 100-150* 10 
Amami Islands, Japan 100-150* 3 
Off Cape Muroto, Kochi, Japan 100-150* 6 
Goto Islands, Japan 100-150* 1 
Corallium konojoi White coral Ogasawara Islands, Japan 100-150* 2 
Goto Islands, Japan 100-150* 2 




Off Cape Muroto, Kochi, Japan 100 1 
Ogasawara Islands, Japan 1420-1620 1 
Corallium spp. 
  
Deep sea coral Midway*** 400-500 or 940-1100* 19 
Deep sea pink coral Midway*** 400-500 or 940-1100* 8 
Deep sea white coral (garnet) Midway*** 400-500 or 940-1100* 2 
* Estimated depth. 
** Collected at St.4762 on GH85-1cruise conducted by the National Institute of Advanced Industrial Science and Technology. 
*** Collected from northwestern (31°16'-36°47'N, 171°02'-175°55'E, 400-500 m) or northeastern (32°31'-32°58'N, 175°03'W-175°18'W, 
940-1100 m) waters of Midway. 






Fig. 4.1: Skeleton of Japanese white coral. Photograph of white coral (A), mapping 

















Fig. 4.2: Distribution of Mg and Ba in skeleton of precious corals collected from 
different depth and geographical locations indicating the origin of the corals. Values are 
mean ± SD. 
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RESULTS AND DISCUSSION 
 
 
DISTRIBUTION OF TRACE ELEMENTS IN 
JAPANESE RED CORAL (Paracorallium japonicum) 
BY µ-XRF AND SULFUR SPECIATION BY XANES: 
LINKAGE BETWEEN TRACE ELEMENT 





Corals of the genus Corallium and Paracorallium (Subclass Octocorallia; 
Order Alcyonacea; Family Coralliidae) have been considered as precious corals because 




of their use in jewelry, medicine, and for fabricating other valuable products (Tsounis et 
al., 2010a). The precious corals (PCs) have been harvested from the Mediterranean sea 
for many years (Grigg, 1975), and have attracted interest of traders and consumers 
worldwide. In Japan, the PC fishery began in Kochi during the 19
th
 century (Kosuge, 
1993), and expanded in the areas of Kochi, Kagoshima, and Ryukyu Archipelago in 
recent years. Therefore, compared to PCs of other geographical origin, little is known 
about the biochemical compositions of Japanese precious corals (JPCs). 
The growth rings along the thin cross section (CS; about 100 – 120 µm) of 
JPCs skeleton reveal that the growth rate of this corals is very slow (few µm in diameter 
per year) (Hasegawa and Yamada, 2010; Luan et al., 2013). It is well established that 
the mineralised hard tissues of PCs are the composite structure of inorganic and organic 
components (Kobayashi and Samata, 2006; Robach et al., 2006), and calcium carbonate 
(CaCO3) is the main constituent of the skeletal axis and the spicules of PCs (Hasegawa 
and Iwasaki, 2010). Trace elements are also important constituents of coral skeleton 
which can be used as indicators of the origin and habitat of the PCs (Hasegawa et al., 
2012). The geochemical and isotopic data derived from the coral skeleton may also 
improve our understanding of past environmental conditions of the aquatic systems 
(Roark et al., 2006a). 
Paleoenvironmental studies using cutting-edge instruments and technologies 
have recently been employed in order to obtain authentic data of past environmental 
conditions from biochemical compositions of the coral skeleton. For example, micro 
X-ray fluorescence (µ-XRF) (Weinbauer et al., 2000; Hasegawa et al., 2010) and 
electron-probe X-ray microanalysis (EPMA) (Vielzeuf et al., 2008; Hasegawa et al., 
2012) were used to explore chemical compositions of red coral (Corallium rubrum). 




The resutls showed that the magnesium (Mg) and strontium (Sr) distributions in calcite 
skeleton of C. rubrum can be used as the paleoenvironmental indicator of the coral 
habitat (Weinbauer et al., 2000). The variations of Mg/calcium (Ca) and Sr/Ca ratios in 
Mediterranean corals were found to be related to water depth. A direct relationship 
between Mg concentration in coral skeleton and water temperature was observed, and 
the Mg/Ca ratio increased substentially with the ambient water temperature (Weinbauer 
and Vellmirov, 1995). Bond et al.(2005) used secondary ion mass spectrometry (SIMS) 
ion microprobe to analyze trace elemetns in the skeleton of a shallow water gorgonian, 
Plexaurella dichotoma, and found a positive correlation between Mg/Ca ratio and 
annual sea surface temperature suggesting that Mg calcite in the coral skeleton can be 
potential for paleothermometry. Hasegawa et al. (2012) studied the trace element 
concentrations in the skeletons of Corallium spp. from different locations of the 
Mediterranean Sea (off Italy) and Pacific Oceans (off Japan and off Midway Island) 
using EPMA and found that the trace elements were attributable to their habitat and 
origin. This study also showed that trace elements in the coral skeletons can be used as 
ecological indicator of the corals, and are expected to play an important part in the 
cultural study and sustainable management of PCs. A negative correlation between Mg 
concentration and organic matrix (OM) content in the skeleton of Japanese white coral 
(Corallium konojoi) using ICP-AES and EPMA mapping indicates that Mg 
concentration corresponds to the annual growth rings (AGRs) of the coral (Hasegawa 
and Iwasaki, 2010; Hasegawa et al., 2012). 
Several studies have reported the biochemical compositions of AGRs of a wide 
range of PCs from divers origin (Grigg, 1984; Kaczorowska et al., 2003; Marschal et al., 
2004; Debreuil et al., 2011b). Using EPMA system, Vielzeuf et al. (2008) found a 




negative correlation between Mg concentrations and OM in Mediterranean red coral (C. 
rubrum), except the central part of the skeleton, indicating that Mg distribution 
corresponded to the AGRs. In a recent study, we reported that Ca and Mg are the major 
constituents of the skeleton of Japanese white coral (C. konojoi), and Ca is distributed 
homogeneously, while Mg is distributed concentrically forming growth rings 
(Hasegawa et al., 2012). However, little is known about the distribution of trace 
elements in axial skeletons of other JPCs.  
Beside this, sulfur (S) is considered as a minor element in the skeleton of red 
corals of a wide range of taxa (Grillo et al., 1993; Dauphin and Cuif, 1999; Cuif et al., 
2003). XANES technique has been widely used for determining the local geometric 
and/or electronic structure of matter (Tamenori et al., 2011). Since the core electrons are 
localized around the atoms to which they originally belonged, X-ray core-electron 
transitions allow investigating the chemical properties of specific elements in complex 
materials, and provides information about the geometric arrangement of the elements of 
interest. Using XANES system, Cuif et al. (2003) examined the S chemical speciation 
and the localization of organic sulfate in three scleractinian coral skeletons. They 
reported that the sulfated form (S-sulfate) extremely dominants in coral aragonite, and 
mapping of S-sulfate in centres and fibres provides direct evidence of high 
concentration of organic sulfate in the centres of calcification tissues of the coral 
skeleton. However, there is no report on the speciation and localization of organic S 
molecules along the AGRs of P. japonicum.  
 
 





In the present study, we investigated the distribution of Mg, P, Sr, and S in the 
axial skeleton of P. japonicum using µ-XRF mapping analysis. Furthermore, we 
determine the S chemical state and localization along the axial skeleton of P. japonicum 
using XANES system and have examined the linkage between the distribution pattern 
of trace elements and the formation of AGRs along the coral skeleton. 
 
5.3 . MATERIALS AND METHODS  
 
5.3.1. Sample collection and preparation 
 
Two colonies of P. japonicum, colony 1 (DPC–18) and colony 2 (DPC–19), 
were collected from 207 and 212 m depth, respectively, near the Amami Islands, 
Kagoshima Prefecture, Japan (28° 16.894′ N, 129° 46.03′W) on March 08, 2009. The 
samples were then dried at room temperature (25 ± 2 
o
C). 
One to three mm thick CSs of the coral skeleton of each colony were made 
using a NSK Elector Emax (NE 129, Nakanishi Inc. Japan) at different points from the 
tip to the bottom of the skeleton. The CSs were embedded and coated in epoxy resin 
that provides a protective cover for cutting, grinding, and polishing them. The CSs were 
then mounted on glass slides and polished with 1500 and 2000 SiC grid powder and 3M 
imperial polishing paper. The thin polished CSs (slabs) were then cleaned ultrasonically, 
rinsed in 100% ethanol, and dried at room temperature (25 ± 2 
o
C). Polished surface of 
the slabs were kept free from dust prior to examine under the VHX-1000 digital 
microscope (Keyence, Japan). Two clear CSs from the DPC-18 and DPC-19 were 




slected for μ-XRF and XANES analysis. Copper rings of one mm diameter were used to 
fix two positions on the slab of DPC-19 in order to determine the distribution of trace 
elements using μ-XRF system. For XANES analysis, the coral skeleton was grinded in 
an agate mortar and then the powder was sprayed on conductive double-sided carbon 
adhesive tape using industrial cotton swabs. 
 
5.3.2 Extraction of organic matrix from fraction 
In order to separate the OM from the mineral fraction, procedures were adapted 
from (Debreuil et al., 2011a). A 5.21 g sample (tip of the axial skeleton) of DPC-19 was 
soaked in 30 mL of 0.25 M ethylenediaminetetraacetic acid (EDTA; Kanto Chemicals 
Co. Japan) solution (pH 7.8) for 48-72 h at 4 ºC in order to demineralize the calcium 
carbonate. After mineralization, the soluble OM was washed with deionized (DI) water 
(using an E-pure system, Barnstead). The soluble OM was then dried at 25 
o
C and was 
subjected to XANES analysis. 
 
5.3.3 µ-XRF and XANES analysis 
µ-XRF and XANES analysis were carried out at the b-branch of the soft X-ray 
photochemistry beam line (BL27SU) at the SPring-8, Japan. The radiation from the 
undulator was monochromatized by using a double crystal Si(111) monochromator 
ensuring an energy resolution of 350 meV. Photon flux on the sample was 1×10
11
 Ph/s 
at 2500 eV. The Kirkpatrick-Baez (K-B) mirror focused the photon beam on the sample, 
and the horizontal and vertical beam size at focus point were 16.3 and 13.7 μm, 
respectively. For the μ-XRF analysis, full XRF data were obtained at each mapping 
point, and the elemental imaging data were extracted from the XRF data set. For μ-XRF 




mapping measurements, the polished sample (slab) was fixed on an aluminium sample 
holder by carbon tape which was then installed in a vacuum chamber (10
1
Pa) and fixed 
on a motorized XYZ stages. The μ-XRF measurements were taken at an excitation 
photon energy of 2481.3 eV along transect from the inner shell layer at 10 μm intervals 
with an acquisition time of 5 s. 
For XANES measurements, all samples were powdered to ensure that sample 
orientation and inhomogeneity did not influence the results. Powdered samples were 
fixed with conductive double-sided carbon tape onto a sample holder and the sample 
holder was fixed on a linear and rotatable manipulator and installed in an analysis 
chamber. Spectra were recorded by partial-fluorescence yield (PFY) method by using a 
silicon drift detector (SDD) (Tamenori et al., 2011). The SDD was mounted 
perpendicularly to the axis of the incident photon beam. Monochromatic light was 
irradiated at an angle of about 80° to the sample normal to minimize contamination by 
elastic scattering. 
 
5.4. RESULTS AND DISCUSSION 
5.4.1. µ-XRF analysis for trace element distribution in Japanese red coral 
skeleton 
Figure 5.1 showed µ-XRF spectrums of trace elements in powdered skeletal 
sample of DPC-19 measured at 2500 eV photon energy. In the present measurement, we 
were unable to distinguish the μ-XRF signals of C K𝛼 and Ca L𝛼 due to insufficient 
energy resolution of SDD detector. CaCO3 is the main component in the skeleton of PCs 
(Hasegawa and Iwasaki, 2010; Hasegawa et al., 2012), however, in the present study 
μ-XRF signals of C, Ca, and O were found to be much weaker than those of other major 




trace elements (Fig. 5.1). This might be because – (i) the fluorescence deterioration 
probability following the inner-shell electron excitation was low, and (ii) the X-ray 
transmission of X-ray window attached to the SDD steeply decreased in the lower 
photon energy region. For example, the transmission of 2500 eV (S K𝛼) was > 70%, 
while it was about 47% for 300 eV (C K𝛼). Furthermore, in the present study, we have 
obtained XRF data in the vicinity of sulfur K-edge region. Therefore, the intensity of 
sulfur was higher than that of other trace elements, and it does not reflect the 
concentrations of the trace elements. 
The highest XRF spectrums were observed for S Kα followed by Mg Kα, and 
Sr Lαβ (Fig. 5.1). Hasegawa, et al. (2012) also reported the distribution of Mg and Sr in 
the skeleton of Japanese white coral (C. konojoi) by EPMA analysis. The incorporation 
of Mg and Sr in carbonate minerals can be explained by the displacement of Ca by Mg 
or Sr, as reported by Hasegawa, et al. (2012). In addition to these trace elements, the 
present study confirms the incorporation of Na and P in carbonate mineral of P. 
japonicum skeleton (Fig. 5.1). Although Hasegawa et al.(2010) reported the distribution 
of Ba, Mo, and I in the skeleton of C. konojoi using XRF analysis, these elements were 
not observed in the skeleton of P. japonicum in the present study. This may be due to the 
fact that the concentrations of these elements were lower than the detection limit of our 
system. 
The trend of trace element distribution in the axial skeleton of P. japonicum 
was also determined in the present study by μ-XRF (Fig. 5.2). The contrasting peaks of 
Mg and S in the μ-XRF spectrums (Fig. 5.2C) indicate a negative correlation between 
the Mg and S distributions in the skeleton. On the other hand, peaks of P and S in the 
μ-XRF spectrums showed a matching pattern (Fig. 5.2D) indicating a positive 




correlation between their distribution in the skeleton of P. japonicum. Two-dimensional 
μ-XRF mapping images (Figs. 5.3 and 5.4) can also explain the distribution pattern of 
Mg and S in the coral skeleton. Pearson correlation coefficient analysis of μ-XRF 
two-dimensional mapping data showed a strong positive correlation (r = 0.6) between P 
and S, while a relatively weak negative correlation (r = -0.2) was observed between Mg 
and S in the coral skeleton (Fig. 5.4). A negative correlation between Mg and S in 
calcite shells was reported by England et al. (2007) that elucidates the relationship 
between the OM and the Mg distribution in the shells. 
Assuming that every peak of Mg, P and S in μ-XRF spectrum (Fig. 5.2B) was 
formed annually, we can estimate growth rates of P. japonicum based on the number of 
peaks and diameter of the skeleton. For example, the μ-XRF spectrum of Mg and S 
showed 27 peaks within 7 mm of diameter, indicating a growth rate of 0.26 mm per year 
for P. japonicum (DPC-19). This growth rate of DPC-19 is similar (range 0.23 – 0.28 
mm per year) to that of the same coral calculated based on the petrographic method 
using high resolution VHX-1000 digital microscope (Luan et al., 2013). Variation in the 
distribution of certain elements, particularly Mg, in the skeleton may also provide 
information about the paleoenvironmental conditions of the coral habitat. For example, 
Bond et al. (2005) observed a positive correlation between Mg/Ca ratio in calcite 
skeleton of Plexaurella dichotoma and water temperature of the habitat. Weinbauer and 
Velimirov (1995) reported that Mg/Ca ratio in the skeleton of Mediterranean C. rubrum 
decreased substentially with depth of the coral habitat, indicating a dependency of 
Mg/Ca ratio with water depth. Hasegawa et al. (2012) also found the Mg/Ca ratio in the 
skeleton of different PC species of diverse origin to be habitat specific. 
 




5.4.2 Distribution of trace elements and the formation of annual growth rings 
Spatial distribution of Mg and S in the skeleton of P. japonicum (DPC-18) 
using μ-XRF is shown in Figure 5.3. Different colors in the maps reflect the varied 
distribution of the elements. For instance, blue and red color correspond to lower and 
higher distributions, while the black and red color regions in the maps indicate the 
lowest and highest distribution, respectively, of Mg and S. The two-dimensional maps 
of Mg and S distribution (Fig. 5.3C) clearly illustrate a contrasting correlation between 
these two elements. 
µ-XRF mapping images of axial skeleton of P. japonicum (DPC-19) in Figure 
5.4 show the spatial distribution of Mg, S, P and Sr. The distribution pattern of trace 
elements can be explained by the formation of growth bands in AGRs along the coral 
skeleton. The AGRs of PCs is characterised by growth band consisting of two layers, 
one is thick light color and the other is thin dark color (Marschal et al., 2004). It has 
been reported that the dark color band indicate the high OM zone, while the light color 
band indicate the low OM zone in the coral skeleton (Luan et al., 2013). In the present 
study, dark and light color growth bands in the microscopic image of the coral skeleton 
(Figs. 5.4A, E) seems to be linked with the distribution patterns of S, Mg and P in the 
µ-XRF mapping images of the skeleton (Figs. 5.4B, C, D, G, and H). The dark 
band/region in the microscopic image of the coral skeleton (Fig. 5.4A) corresponds to 
the high S and P region in the µ-XRF mapping images (Figs. 5.4D, B) indicating that 
the OM-rich dark growth bands in JPC skeleton may contain S and P. Previous studies 
have also reported high concentration of S in OM of carbonate shells of marine bivalve 
mollusc (Lorens and Bender, 1980; Putten et al., 2000), while the S has been reported to 
be a minor element in the skeleton of the red coral (C. rubrum) of Mediterranean origin 




(Maté et al., 1986a; Grillo et al., 1993). 
Light growth bands in the microscopic image of axial skeleton of P. japonicum 
(DPC-19) (Fig. 5.4E) correspond to the area of Mg map in the XRF image (Fig. 5.4C) 
of the coral skeleton. From a negative correlation between Mg concentration and OM 
content in axial skeleton of Mediterranean red coral C. rubrum, Vielzeuf et al.(2008) 
suggested that Mg corresponds to light bands of the AGRs, which is in agreement with 
the present study. The present study also reveals that, in addition to Mg, S and P are 
important elements in growth bands in P. japonicum (DPC-19), and the chemical 
composition of dark growth bands differ for the origin and habitat of PCs. The 
formation and arrangement of growth bands in PC skeleton is assumed to demonstrate 
the annual periodicity of active and inactive growth (Marschal et al., 2004) as well as 
the seasonality of the key environmental factors (e.g., temperature, trophic content) 
(Coma et al., 2000). Trace element distributions, particularly the S, P and Mg, and their 
linkage with the formation of AGRs (dark and light bands) in the axial skeleton of P. 
japonicum can be potential archives of past environmental conditions. 
An instinct dark band around the central growing part of the skeleton indicates 
high deposition of OM in the first growth ring. Since the development of the first 
growth ring in the PC skeleton has been estimated to be about 3-4 years (Marschal et al., 
2004), the dark OM-rich growth ring around the central growing part of the skeleton of 
P. japonicum is assumed to respond the lowest growth rate. Thus, trace element 
distribution may also explain the growth characteristic of Japanese PCs. Strontium was 
observed to be distributed homogenously across the CS of the axial skeleton of P. 
japonicum (Fig. 5.4f). Hasegawa et al. (2010; 2012) also reported homogenous 
distribution of Sr in the skeleton of C. konojoi. 





5.4.3 Speciation of S in Japanese red coral using XANES 
The characterization of S in the P. japonicum (DPC-19) skeleton was studied 
using XANES fluorescence. XANES spectra were recorded from six reference 
S-bearing organic molecules (Yoshimura et al., 2013): two amino acids (H-S-C bonds in 
cysteine and C-S-C bonds in methionine), two sulfated sugars (chondroitin and 
protamine), saccharine, and gypsum (Fig. 5.5A). The amino acids (cysteine and 
methionine) spectra displayed a single peak at 2472.5 eV, while each of the two sulfated 
sugars (protamine and chondroitin) and gypsum exhibited similar peak at 2482 eV. 
Saccharine showed a peak at 2478 eV. 
OM extracted from the P. japonicum (DPC-19) showed a main peak at 2472 eV 
and 2 minor peaks at 2475.8 and 2480 eV (Fig. 5.5A). The energy position of the main 
peak was similar to that of the two amino acids. The feature at an energy of 2475.8 eV 
in the S K-edge XANES spectra provide indirect evidence for the presence of S-H 
bonds, which allows to detect S-H bonds in a “C-S-H environment” typical for 
biological samples (Prange et al., 2002). XANES spectra of the P. japonicum (DPC-19) 
skeleton also showed a major peak at 2482 eV, which is similar to that of the two 
sulfated sugars (protamine and chondroitin) and gypsum. Disappearance of sulphate 
peak in the XANES spectrum of OM strongly suggests that the sulphate may not be a 
macro organic molecule in the coral skeleton as protamine is. Therefore, it can be 
conclude that the major S species in the P. japonicum (DPC-19) is inorganic sulphate 
(SO4
2-
), which concurs with the result of Cuif et al. (2003) for scleractinian coral 
skeleton. Using XANES, Cusack et al. (2008) also reported that shells of Terebratullina 
retusa (benthic lamp shell) contain S as sulfur-containing amino acids as well as 




sulphate, and the present XANES mapping analysis of the S K-edge at 2482.6 eV 
revealed that the S was mainly inorganic sulphate. 
XANES spectra of P. japonicum (DPC-19) skeleton also showed a minor peak 
at 2472.2 eV, which was very close to the main peak of OM and two amino acids 
cysteine and methionine (Fig. 5.5A). The intensity of the minor peak was very small 
(about 0.5) compared to that of the main peak (about 9.0) in the skeleton (Fig. 5.5B) 
indicating very little amount of organic sulphate with a ratio of 1:20 for organic and 
inorganic sulphate in the skeleton of P. japonicum (DPC-19). Previous studies also 
reported the presence of organic molecules (proteins and sugars including sulfated 
sugars) in both axis and spicules of the Mediterranean red coral (C. rubrum) (Allemand 
et al., 1994), however, the mean protein content of the soluble OM obtained from dry 
mass of powdered skeleton of Corallium spp. is very low (about 0.01%) (Debreuil et al., 
2011b). 
  





Fig. 5.1: X-ray fluorescence spectrum of trace elements (Na, S, P, Mg and Sr) in 
powdered sample of Japanese red coral (DPC-19) skeleton measured at 2500 eV of 
excitation photon energy. 
  





Fig. 5.2: X-ray fluorescence spectrum of trace elements (Na, S, P, Mg and Sr) in Japanese red coral skeleton (DPC-19) using 2500 eV energy, 
5s/point measuring time, and 10 µm step size. White arrow (7 mm) is the position from where the section was taken for µ-XRF analysis (A). 









Fig. 5.3: Micro-XRF mapping analysis of Mg and S in axial skeleton of Japanese red 
coral (DPC-18). Cross section of DPC-18 skeleton showingthe position where the 
µ-XRF analysis was performed (a). The magnification of the region of µ-XRF analysis 
(b). Distribution maps of Mg and S in the skeleton of the coral (c). The colour bar 
represents the signal intensity with the blue and red color correspond to lower and 
higher distributions, and the black and red color regions in the maps indicate the lowest 
and highest distribution of the elements, respectively. Micro-XRF signal was collected 











Fig. 5.4: Micro-XRF mapping analysis of trace elements in polished cross section of Japanese red coral skeleton (DPC-19). Two copper rings of one 
mm diameter were used to select two positions on the cross section of the coral skeleton where the distribution of trace elements were detected. The 
colour bars represent the signal intensity with the blue and red color correspond to lower and higher distributions, and the black and red color regions in 











Fig. 5.5: XANES spectra of sulfur (S) in axial skeleton and organic matter extract of 
DPC-19. XANES spectra of S reference compounds (A). Each of the cysteine and 
methionine spectra display a single peak at 2473 eV photon energy, while condroitine, 
protamine, and gypsum show peaks at 2482 eV photon energy. Saccharine exhibits a 
single pick at 2477.5 eV photon energy. Magnified view (×5) of XANES spectra of S in 
axial skeleton and organic matter of DPC-19 (B) showing that sulfate is the main 
species of S and organic matter content in the DPC-19 skeleton is very low. 
  
(A) (B)
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In the chapter 3, Japanese precious corals are recognised as ecologically as 
well as economically important natural resources of Japan, and are characterised by 
slow growth rates compared to other precious corals of other geographical locations. 
Although Japanese red, pink, and white corals are not included in the list of endangered 
species in Japan, the red coral (P. japonicum) is considered to be at risk of declining in 
number. Authentic biological and ecological data such as growth characteristics, age and 
growth rate can be of great relevance for developing proper management and 
conservation plans for these valuable species. The present study showed that the widely 
employed OMS method would not be suitable for obtaining relevant biological and 
ecological data of Japanese precious corals probably due to the low concentration of 




organic matrix in these corals. We propose that the non-destructive method (without 
acetic acid treatment and without staining the organic matrix by toluidine blue) using 
the high resolution VHX-1000 will be more suitable for studying Japanese precious 
corals. 
In the chaper 4, Apart from Mg concentrations that vary slightly with annual 
rings, trace elements in precious coral skeletons are distributed homogeneously. Our 
study reveals that the trace elements in skeletons of precious corals are habitat-specific 
rather than species-specific. The Mg/Ca and Ba/Ca ratios in skeletons of precious corals, 
particularly, are the indicators of their habitats and environments and, therefore, can be 
used to identify the harvested areas of coral products. X-ray fluorescent analysis is 
another useful method that can serve to identify the bathymetrical and geographic origin 
of coral (and other) products. 
The proposal to list all species in the family Corallidae in Appendix II of the 
Convention on International Trade in Endangered Species of Wild Fauna and Florawas 
rejected in the Conferences of the Parties (CoP) 14 (FAO, 2007) and CoP 15 (FAO, 
2010). The difficulties in the identification of coral products in trade have been 
highlighted in the debate about the feasibility to enforce such a listing effectively. 
Identification of raw coral to species level is easy to the coral specialists, and a 
taxonomic reference guide has been recently published by World Wildlife Fund Canada 
(WWF Canada) to help customs officials to identify raw coral to species level, however, 
it is likely that identification might not be possiblewhen coral products such as jewelries 
of Corallium sp. and of other species that are resembled to Corallium sp. after dying 
(FAO, 2007, 2010). The findings of the present study would guide to a possible solution 
to this problem, and would contribute in developing a nondestructive analytical method, 




such as XRF, for the identification of raw corals as well as coral products. Further 
research is necessary to develop a fully functional, cost-effective and readily applicable 
method. 
In the chapter 5, Using µ-XRF mapping analysis showed the spatial 
distribution of trace elements (S, P, Mg, and Sr) in the skeleton of P. japonicum. The 
distribution pattern of the trace elements, particularly Mg, S and P, illustrates linkage 
between the trace element distribution and the formation of growth bands in the coral 
skeleton. The dark band in the microscopic image of P. japonicum skeleton corresponds 
to the high S and P regions in the µ-XRF mapping images. This observation confirms 
that, in addition to Mg, the dark bands in the AGRs along the skeleton of P. japonicum 
contained S and P. Furthermore, XANES analysis showed that, compared to organic 
sulphate (SO4
2-
), inorganic sulphate is the major S species in the skeleton of P. 
japonicum with a ratio of 1:20 for organic and inorganic sulphate. The present study 
will contribute in enhancing our understanding of biochemistry as well as the 
accumulation and distribution of trace elements in the skeleton of JPCs, and will 










Fig. A1. (A): a thin cross-section of the axial skeleton of Japanese red corals (DPC-18) 
under the VHX-1000 digital microscope. (B): the wide of growth band of skeleton is not 
similar. (C) and (D): growth rings display wavelets and.the structure of center medullar 
zone is complex, respectively. (E): Cross sections were cut from axial skeleton of 










Fig. A2. (A), (B), (C) and (D): thin cross-sections of the axial skeleton of Japanese red 
corals (DPC-20) under the VHX-1000 digital microscope. (E): axial skeleton of 









Fig. A3. (A) and (B): thin cross-sections of the axial skeleton of Japanese red coral 
(DPC-22) under the VHX-1000 digital microscope, respectively. (C) and (D): axial 
skeleton of Japanese red coral Paracorallium japonicum (DPC-22) and cross sections 








Fig. A4. (A) and (B): thin cross-sections of the axial skeleton of Japanese white coral 
(DPC-16) under the VHX-1000 digital microscope, respectively. (C) and (D): axial 
skeleton of Japanese white coral (DPC-16) and cross sections were cut from axial 













Fig A6 : 1000 VHX digital microscope images of cross section of DPC – 19. A & B: the 
points where were fixed by sheet mesh (diameter = 1mm) in order to indentify 
inoraganic distribution through X-ray Fluorescence (XRF) analysis. A1 & A2 images 
taken from the position A with High Dynamic Range (HDR) and normal mode of 
microscope and B1 & B2 taken from the postion B with HDR and normal mode of 
microscope, respectively 
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